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Modern geodesy may be deﬁned as "the 
science of precise georeferencing and change 
monitoring on or above the Earth’s 
surface". Modern geodesy relies on space 
technology and integrates complex Earth 
observation systems and modelling of 
geospatial data at higher accuracy in order 
to understand and predict how the solid 
Earth, atmosphere, and oceans work as a 
system. Modern geodesy applications 
include precise determination of position 
and velocity of points on the surface of the 
Earth, precise determination of the shape 
and changes of the Earth’s ocean and land 
surfaces, or precise mapping of the spatial 
and temporal features of the gravity ﬁeld. 
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Preface
In 1880, Friedrich Rober Helmert gave the fundamental deﬁnition of geo-
desy as ”the science of measurement and mapping of the Earth’s surface”.
As many geodetic observations refer to the Earth’s gravity ﬁeld that also
shapes the surface of the Earth, the fundamental deﬁnition can be ex-
tended by ”including the determination of the Earth’s external gravity
ﬁeld”. Based on this extended deﬁnition, geodesy focuses on: position-
ing (geometric geodesy), temporal change (geodynamics), and gravity ﬁeld
(physical geodesy). As a result, the US National Academy of Sciences
(1978) named geodesy as part of the geosciences and engineering sciences,
including navigation and geomatics.
Nowadays, the advances in Global Navigation Satellite System (GNSS)
technology and its impact on geodetic activities may recommend a modern
deﬁnition of geodesy as “the science of precise georeferencing and change
monitoring on or above the Earth’s surface”. Modern geodesy relies on
space technology and integrates complex Earth observation systems and
modelling of geospatial data at higher accuracy in order to understand
and predict how the solid Earth, atmosphere, and oceans work as a sys-
tem. Modern geodesy applications include precise determination of posi-
tion and velocity of points on the surface of the Earth, precise determina-
tion of the shape and changes of the Earth’s ocean and land surfaces, or
precise mapping of the spatial and temporal features of the gravity ﬁeld.
Navigation and geodesy relate both on positioning (location) informa-
tion. Although a connecting element, positioning also makes the differ-
ence between navigation and geodesy. In navigation, the positioning in-
formation is required instantaneously or almost instantaneously with a
certain latency (real-time). On the other hand, in traditional geodesy the
position information is obtained post-mission after post-processing calcu-
lations. Usually, these calculations are carried out under the assumption
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that the points are ﬁxed or undergo a very slow movement. However, in
navigation, the points are variable, therefore time dependent.
At the Department of Real Estate, Planning and Geoinformatics, the
above mentioned subjects are covered among the basic courses by the
Maa-6.3255 Seminar on Geodesy, Navigation and Positioning offered to
both master and doctoral students of Aalto University. The seminar builds
on active participation between the theory and practice, using a student-
centred approach for teaching. The students can ear 3-6 ECTS credits.
One ECTS credit corresponds to 27 hours of work. The workload and the
seminar topic is mainly decided by the student based on student’s level
and ﬁeld of study. The work can be done individually but working in
pairs/groups is possible. The students are responsible for the manage-
ment and organization of their work. In addition, the seminar work may
be organized in collaboration with other research and industrial partners.
Staff members are available for consultation and guidance. The seminar
course includes written report, oral presentation and opponent activity.
This publication consists of the best 12 student works prepared by the
seminar participants (i.e., 24 students) during 2011-2013. Several works
cover various topics of modern geodesy, such as space-geodetic techniques
(Niko Kareinen), satellite missions (Timo Saari), positioning algorithms
(Ville Jussila, Ville Vuokko), sea-level rise (Toni Veikkolainen), and at-
mospheric and ocean circulation (Esa-Pekka Sundell). In addition, other
works cover topics related to navigation, such as navigation technologies
(Iiro Kuusisto, Aditya Raju, Henri Turto and Niko Kareinen), or mobile
positioning and tracking (Ross Snell, Tuomas Keränen, Tanja Kantola).
Helsinki, May 10, 2013,
Octavian Andrei
PhD, teacher-in-charge
Martin Vermeer
Professor in Geodesy
2
Contents
1 Preface
3 Contents
5 Post-glacial rebound: modelling, measurement, signiﬁcance on soci-
ety
Toni Veikkolainen
23 The Current State of GPS Meteorology and Climatology
Esa-Pekka Sundell
41 Matlab Application in VLBI Data Analysis
Niko Kareinen
65 Science Network GNSS-verkon tasoitus ja antennikorkeuden ja -tyypin
vaikutus koordinaatteihin
Ville Jussila
89 Koordinaattien laskenta Precise Point Positioning -menetelmällä
Ville Vuokko
113 GOCE User Toolboxin käyttö Itämeren meritopograﬁan visualisoinnissa
Timo Saari
139 GNSS – Risks and threats
Iiro Kuusisto
155 Global Navigation: Introduction to Satellite Based Augmentation Sys-
tem over Indian Region
Aditya Raju
173 Positioning Techniques of Modern Smartphones
3
Contents
Ross Snell
211 Hybrid Positioning with a Smartphone
Tuomas Keränen
229 Dexter Industries GPS sensor for Lego Mindstorms NXT
Henri Turto and Niko Kareinen
263 GPS Wildlife Tracking
Tanja Kantola
4
Post-glacial rebound: modelling,
measurement, signiﬁcance on society
Toni Veikkolainen
Department of Department of Surveying
Otakaari 1, FIN-02150 Espoo Finland
toni.veikkolainen@aalto.fi
Abstract
Global isostatic adjustment (GIA) means the normalization of the earth’s
crust after a glacial period. In Finland the land is still rising, fastest
in Ostrobothnia and most slowly in the south-east. In the last ice age, the
centre of the 3-km thick ice sheet was located in the area of Gulf of Bothnia.
In Kvarken region, changes in landscape are easily visible during lifetime.
On the northern hemisphere, Canada is another good example of effects of
glaciation. The post-glacial rebound has an inﬂuence on coordinate values,
so it can be monitored with the aid of GPS. Values of gravity also change,
and they can be observed both from space and with ground-based systems.
Generally, land rises in the area with the strongest ice load, but sinks in
the territory that surrounds the former glacier area. However, even the
most conservative predictions tell that sea level will rise due to the global
warming, and it is important to monitor whether or not it will cancel the
effect of GIA.
5
1 Introduction
According to isostasy, what goes down, must go up, equilibrium as a goal.
The principle works very well with the landmasses of our planet. Dur-
ing the last glacial period, large parts of Europe, Russia, Greenland and
Americas were laid under the pressure of ice, and sea level was lowered
for 120 metres. As continents drowned, mantle material was removed
from the region. As the land was released from ice, it began its rise to-
wards its former height. However, due to the viscosity of the mantle, the
viscoelastic relaxation phenomenon demands thousands of years to get
completed. In Finland we are still in that phase.
Figure 1. A hypothetical map of Earth during the last glacial maximum, roughly at
16000 BC. Continental ice with white colour, sea ice white [3].
2 Land uplift in Finland
Talking about land uplift is quite simplistic. In reality, the isostatic ad-
justment involves not only the rising of the landmasses, but also horizon-
tal and even in some areas downward motion, changes in gravity, stress-
induced earthquakes and several other effects. Although the Finnish
bedrock is very stable, when compared to several other ice-stressed areas,
e.g. Iceland, Patagonia, and New Zealand, the three-dimensional char-
acter of the phenomenon must be borne in mind. Controlled mainly by
the viscosity of the mantle, the effect can be monitored from the changes
of Earth’s rotation, gravity ﬁeld, centre of mass and deformation. These
reﬁned methods don’t have a long history. In the past, merchants just
settled for worrying about the seaports becoming landlocked.
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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Figure 2. The difference between the Finnish height systems N60 and N2000 [1].
In Finland the most typical example of long-term isostatic uplift can
be seen in the valley of the Kokemäenjoki river. In 1365, town of Ulvila
was established on the mouth of the river. In 1558, the Duke of Finland
ordered that the town must be relocated 7 km to the north, due to the
rapidly receding sea. This was the beginning of Pori. It was founded
beside a narrow inlet, which was a good natural harbour. But even it was
just a temporary location. Presently the harbour of Pori is situated in
Mäntyluoto, 20 km north-west of the city centre. Thanks to the high clay
mineral content, the land is very fertile and agriculture has a long history
there. About 9000 years ago, during the Ancylus lake period of Baltic sea,
most parts of western Finland were under a shallow sea. Now these areas
have large, ﬂat plains.
Until the rule of Imperial Russia, research of the Finnish land uplift was
merely qualitative. There was no precise height system to be maintained.
However, things changed due to the activity of the national Road and Wa-
ter Construction Authority, The ﬁrst precise levelling took place in years
1892-1910, but it covered only the southern and central parts of the coun-
try. After the establishment of Finnish Geodetic Institute, the second one
of carried out during 1935-1975. It was nationwide, and the result was a
height system N60 with orthometric heights. It took only three years to
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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Figure 3. Vertical (left) and horizontal (right) motions as detected by BIFROST stations.
Observed values with black arrows and circles of 95 % conﬁdence level (ellipses
in the case of horizontal motion, as there are two dimensions). Results by [17]
are visible for comparison. The lithosphere was thought of being 71 km thick,
and the mantle with a viscosity of 5 × 1020 Pa in above 670 km and 5 × 1021
Pa below that level. Conﬁdence generally grows, as the observation period
becomes longer.
start the third levelling, which was ﬁnished in 2004.
The third precise levelling was by far the most extensive one. The com-
bined length of the doubly measured lines was even 9158 km, and there
were 6092 benchmark values. Ten observers and 800 ﬁeld assistants
were needed during the project. The resulting N2000 model uses normal
heights. They were tied to NAP (Normaal Amsterdams Peil), the point
zero of the European vertical reference system EVRS2000. National tri-
angulation networks were connected on both sides of the Baltic sea, and
each country in the area began using the same geoid model. As normal
heights are tied to the quasiqeoid, which is just a computational concept,
and orthometric heights to the true geoid, there is a maximum difference
of 8 cm between these two heights in Finland. On sea level both heights
are the same. Implementing a height system is nevertheless a long and
laborious project. It is straightforward to transform numerical data, but
old raster maps with height contours can be very tricky. Even some com-
plimentary levellings may be necessary.
Since its establishment in 1978, the Metsähovi research station has
been used as a base point in Finnish height determinations, and its most
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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precise height value in N2000 system was a result of an extensive lev-
elling project carried out by Nordic Geodetic Commission. Differences
between Finnish and Swedish systems were only some millimetres after
that, but the Swedes had a much denser network. Before levelling cam-
paigns, all knowledge of land uplift was based on tide gauge values, and
therefore it was limited to coastal areas. It was not possible to construct
uplift maps like that in Figure 2. In fact, tidal forces deform the crust also
in Finland, and the effect, about 4 cm in height, is taken into account in
both N60 and N2000 systems. It is best visible in north-south direction.
Even the Finnish bedrock, which is the oldest and most stable in Europe,
is dynamic in a small scale. [20].
Substantial changes in the height of the ground were observed dur-
ing ﬁrst and second levellings, and a maps of land uplift was published
by [10]. Readjusted results from the same dataset were presented by
[25]. Uplift values were determined for roughly one thousand base points,
which were common to both levellings. [11] used the ﬁrst data from the
third levelling, from southern Finland only. As the project was close to its
end, the new uplift map of the entire country was compiled by [22]. After
the introduction of the BIFROST (Baseline Inferences for Fennoscandian
Rebound Observations, Sealevel, and Tectonics) project in 1993, satellite
data received from stations of Baltic Rim countries has also been utilized.
However, nearly all results are from Finland and Sweden, but with some
Western European reference values. In Finland, all 13 stations of the
permanent FinnRef network take part in BIFROST [24].
Nonetheless, precise levellings have a major weakness. They are a pow-
erful tool in determining differences of land uplift, i.e. they are a relative
method. All values must be tied to a ﬁxed point, such as the tide gauge of
Hanko with the measured uplift value of 2.63 mm/year [9]. [21] applied
this initial value in his model with following parameters:
y(i, j, k) the measured height difference between base points i and j
in the levelling
t(i, j, k) time of observation (epoch)
t0 epoch for adjustment
h(i), h(j) velocities of land uplift for base points i and j (unknown
values)
h(i, t), h(j, t) heights of base points i and j in the adjustment epoch t0
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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(unknown values)
e(i, j, k) observation error
The model was used with heights and land uplift values simultane-
ously. In the adjustment, a priori accuracies calculated from closure er-
rors were not used. Mean errors were estimated for the area common to
all levellings, and values were 2.01 (1st levelling), 0.57 (2nd one) and 0.88
mm
√
(km) (3rd one). Altogether 1223 observations and 462 base points,
all of them on the bedrock, were used. The accuracy of uplift estimates
was best in the vicinity of base points, and worst in northern Finland (0.6
mm/year). Preﬁltering was made using the open-source GMT program of
University of Hawaii [4]. By choosing the base points wisely, local anoma-
lies as well as levelling errors were easy to remove.
In Finnish Geodetic Institute (FGI), GPS time series of different stations
are used for calculating velocity vectors, with Metsähovi as a reference.
Data is analysed using Bernese software and exact satellite ephemerides
published by IGS (International GPS Service for Geodynamics). Orbits
are given in ITRF (International Terrestrial Reference Frame) using the
epoch of the observation moment. Results of calculations are coordinate
differences, with z as the principal component in land uplift studies. [14],
found a good correlation with GPS and tide gauge observations. The root
mean square misﬁt between these results was only 0.6 mm/year. When
comparisons with results of tide gauges are made, it is reasonable to
choose only stations close enough to the sea (e.g. 40 km), so that the
uplift between the locations of the tide gauge and the GPS station can be
properly modelled. It is mandatory to combine GPS results with results
from other studies, since satellite measurements tell nothing about the
direction where water ﬂows, as they give only ellipsoidal heights, not or-
thometric or even normal ones. In Hamina, the mean sea level is a few
meters closer to the Earth’s centre than in Helsinki [20].
In general, levellings give the land uplift differences with respect to
geoid, which isn’t actually the same as the local mean sea level obtained
from the tide gauge. Lengths of the levelling rods must be known pre-
cisely, and in FGI it is done by using a vertical comparator. The scale of
rods used in the third precise levelling of Finland was determined three
times a year. Presently there is no way to replace tide gauges and lev-
ellings in measurements of absolute heights from sea level. In the new
geoid model FIN2005, the mean water level of Helsinki harbour is no
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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Figure 4. A continuous time series of the vertical movement of Kivetty GPS station, cen-
tral Finland. The accumulation of snow on the antenna during winter months
causes prominent errors, but the linear trend is still very distinct. The change
in horizontal coordinates was also monitored, but it was much smaller and the
inﬂuence of isostatic adjustment cannot be easily extracted from it.
longer used as a reference, but it has been replaced by NLP. Geoid calcu-
lations are determined by geopotential numbers (unit m2/s2), which are a
true physical quantity.
3 A Canadian perspective
With a land area as large as the whole of Europe, Canada was entirely un-
der the inﬂuence of continental ice. [8] chose the Northern Cascadia Sub-
duction Zone for research. Apart from the tectonically quiet Fennoscan-
dian and Canadian shields, this area is subject to several plate move-
ments. Changes in sea level tell that the part of the ice sheet that was
over the ocean, collapsed in a short time over 12000 years ago. The vis-
cosity of the underlying mantle is about 5 × 1018Pa · s to 5 × 1019Pa · s,
which is less than viscosities on seismically quiet areas. In the study,
a grid model was used, with values of ice thickness for every square of
the grid 14000 years ago. Shoreline elevations with respect to distance
from the ice outlet were collected, and linear regression models were con-
structed for Lake Bretz and Lake Russell-Hood close to Seattle. Small
uplift velocities mean that monitoring and modelling is not easy.
The crustal displacement caused by the Cordilleran ice sheet was mod-
elled by using a circular disc, with the thickness and duration similar to
the average values in the southwestern part of the mountainous area. The
vertical displacement grows as a function of distance from the centre of
the ice sheet, but not linearly. In case of thick sheets, the curve is very
ﬂat-bottomed. In the ﬁrst test, the mantle viscosity was ﬁxed at 1018Pa ·s,
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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Figure 5. A land uplift map according to the old ICE-3G model [26] and the new model
[8] for Vancouver Island and surroundings. Uplift values are in millimetres.
In tectonic sense, Juan de Fuca plate is overlain by North America Plate, and
Vancouver Island has been torn away from the mainland. The rugged coastline
is to some extent similar to that of Norway.
but the crustal thickness was adjusted. In another approach, the crust
was 35 km deep, but the viscosity was varied. Change in the relative sea
level during the ablation of the ice was as much as 250 meters. As no con-
tinuous GPS surveys have been made in the area, the land uplift values
shown in 5 are just predictions based on the models.
4 Space geodetic techniques
The interest in global isostatic adjustment (GIA) has grown a lot during
the last few years, thanks to the results of the GRACE (Gravity Recovery
and Climate Experiment) satellite launched in 2002. In addition, as a re-
sult of the POLENET programme of International Polar Year 2007-2009,
dozens of GPS measurement stations were set up on Arctic regions, and
new networks are planned. In years 2008-2012, the European Coopera-
tion in the ﬁeld of Scientiﬁc and Technical Research (COST) programme
produces new models for land uplift, based on GPS, very long baseline in-
terferometry (VLBI), satellite laser ranging (SLR) and Doppler Orbitog-
raphy and Radiopositioning Integrated by Satellite (DORIS). Results for
Antarctica can be seen in Figure 6, and results for Greenland and eastern
Canada in Figure 7. [12]
While GIA changes gravity globally and locally, the distribution of ocean
water doesn’t remain the same, but large changes in ocean ﬂows are likely.
The tidal and other deformations of solid Earth, the pressure caused by
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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Figure 6. The post-glacial rebound in Antarctica. Parts a and b are based on the same
laterally homogeneous model of the crust, but with a different glaciation his-
tory (a: ICE-5G, b: IJ05). In parts c and d, ice models are as in a and b, but the
heterogeneous composition of the crust has been taken into account. Purple
stars indicate locations with continuous GPS measurement sessions, lasting
for over 1000 days. Diamond symbols are for shorter campaigns.
ice, and also the relocation of seawater must be included in models, so
geodesists need to co-operate with seismologists and marine researchers.
The sea level equation was published by [6] and updated by [17]. In case
of solid earth and sea ﬂoor alike, different rocks react very differently
in stress changes, and thus a three-dimensional approach and a rheo-
logical model is necessary. As the observational evidence of limits and
thickness of ice in different times of the last ice age is often very limited,
one-dimensional ﬂat-earth models have been used widely. Moreover, the
mass of ice in Antarctica and Greenland has been overestimated in sev-
eral studies [5, 23].
The ICE5G model by [19] describes the rise of Antarctica. The verti-
cal deformation has been concentrated in the western part of the conti-
nent, mainly in the proximity of Siple coast as well as marine ice sheets
of Ronne and Filchner. However, horizontal changes are typical of inland
areas. The IJ05 model by [7], gave entirely different results. The largest
vertical changes are visible near the Antarctic peninsula and on the coast
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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Figure 7. Land uplift in Greenland, central-northern Europe and eastern Canada. Maps
a and b were presented by [27], with the crustal model RF3S20. Solutions
in c and d are as calculated by [13], using the VM2 model with a simpliﬁed
approach on viscosity. In b and d, the crust was regarded as laterally heteroge-
neous, but in a and c not. Stars and diamonds as in Figure 6.
of the opposite side of the continent. However, Antarctica is not laterally
homogeneous, but its eastern parts form a Precambrian craton, whereas
in the west the crust is thinner and the heat ﬂux much stronger. The con-
vergence of motion vectors towards an area in the middle is stronger in
models with a heterogeneous lithosphere. This may be an artefact, since
there are large inland areas in middle and eastern Antarctica without any
surveys.
Same models were applied to the northern hemisphere, too, and results
deviate especially on Canadian and Baltic shields. The theory holds true
in the sense that uplift is greatest on areas, where the ice compressed
the soil and bedrock most. The horizontal motions in Fennoscandia are
best visible in the model with lateral heterogeneities, and the signal is so
prominent that it even causes a bias in the results of Greenland. However,
results are much more unsure as the number and duration of measure-
ment campaigns has been much worse than that in Antarctica. The uplift
of the Hudson Bay area is notable, with vertical velocities as large as 15
mm per year. Nowhere in Europe are rates like this.
In studies of post-glacial rebound, and deformation of crust in general,
GPS has become the most-used technique due to its price and mobility.
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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Figure 8. Rebound in several distances measured from the centre of glaciation. Curves
are for different thicknesses of the crust (variable, 100 km, 250 km). The tec-
tosphere was ﬁxed at the width of 1000 km. It is the seismically fast region of
the lithosphere [16].
For a long time, solar-energy-driven GPS devices were impossible to use
on arctic and subarctic areas, but the problem has yet been solved. In
Greenland, campaigns have been performed since the mid-1990s, origi-
nally only in a few stations as a co-operation project between Denmark
and the USA. In Kellyville, which is located on the western edge of the
ice, the ﬁrst results told that the land rises even 5.8 mm per year. In
later studies, the velocity was just 1.2 mm per year. Also in Antarctica,
numbers have sometimes been unexpected: predicted values have been
2.5 mm per year, measured values only 0.3 mm/year for the same area.
Absolute gravity measurements were in favour of the predictions, while
GPS values didn’t support them. This is not uncommon: in various cases
GPS, VLBI and DORIS have given very different outcomes. They cannot
be integrated without a precise knowledge about phases of glaciation and
deglaciation on different parts of the continent.
It is not easy to extract the uplift caused by the isostatic adjustment
from the GPS data, because the signal is sensitive to tropospheric, iono-
spheric and other delays. In addition, the short-term movement of a tem-
porary or permanent GPS station is controlled by a great deal of factors.
In addition to the isostatic adjustment, there are periodic effects, such as
tides and difﬁcult-to-predict non-periodic phenomena, such as tectonic de-
formation. Luckily the areas whose uplift is most extensively studied are
Toni Veikkolainen: Post-glacial rebound: modelling, measurement, signiﬁcance on society
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seismically quiet, with the exception of Iceland. The choice of the refer-
ence frame has a remarkable inﬂuence on the coordinates of the station,
and the centre of the mass of Earth has to be known accurately. For this
purpose, SLR is almost mandatory [12].
When the isostatic rebound is modelled, both the mantle and the litho-
sphere can be considered as Newtonian ﬂuids, with their shear rate lin-
early related to their shear stress. In their theory, [16], tested the idea
that the depression in the beginning of the load follows a normal distri-
bution curve. The mantle was considered an inﬁnite half-space, i.e. a
box model was applied. With a Maxwell time exceeding 100 years, long
wavelength effects were primarily caused by viscous ﬂow. The idea of con-
tinental roots is just an application of Bouguer’s hypothesis, that under
mountainous areas, crust is thicker so that each vertical column of litho-
sphere has a similar total mass. In the model the continental root was as-
sumed to depress into the mantle by 1 km, slightly more than in Finland,
but typical of several ice-affected Canadian areas. In the axisymmetric
model the root itself is 2000 km in width, but three different depths were
tested: constant 250 km, 100 km and a depth varying in between.
Manga and O’Connell concluded that the relaxation of the lithosphere
is strongly dependent on the radial distance measured from the centre
of the continental root. The tested radial positions were r = 0 km, 500
km, 900 km, 1100 km, 1500 km and 2000 km, and results are visible in
Figure 6. According to them, land will rise very rapidly on boundaries of
the glaciated area in the case of a thick lithosphere, but the maximum is
reached within a few thousand years, and after that the height will drop.
This is just about the readjustment of the mass balance, and the effect
can be seen in areas surrounding the Baltic ice sheet. Nonetheless, near
the centre of the ice sheet, land goes up and remains there, just as it is
happening in the Gulf of Bothnia area. Relaxation is smoother when the
distance is small and the crust is thin. For generation of models of man-
tle, knowledge about GIA processes is essential. For instance, a power-law
model has been applied using the coupled Laplace ﬁnite-element method
and observations of relative sea-levels (RSLs), land uplift rate from GPS
and gravity-rate-of-change from GRACE satellite. Traditionally, seismol-
ogists have studied the internal structure of the Earth, but they need the
knowledge of geodesists, too [28].
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5 Case Perämeri and crustal motion
In Finland, the middle and northern parts of Gulf of Bothnia is the most
remarkable natural laboratory of post-glacial rebound. Islands in the
Finnish Kvarken area are mostly moraine, and their topography is very
different from that of the High Coast (Höga Kusten) area in Sweden. That
area is located on the opposite side of the sea and it holds the world record
of isostatic compensation. It has risen 286 meters in ten thousand years.
Nowadays the Bothnian Bay is not more than 147 meters at its deep-
est point, and the Kvarken area is only 25 meters deep. Most islands,
e.g. Raippaluoto, Mikkelinsaaret, Björköby and Bergö, are very young.
Despite that fact that there are no steep cliffs in the Finnish coast, the to-
pography is very diverse in small scale. Islands join in the mainland and
small inlets transform into lakes, which may become swamps. Drumlins,
ﬂutings, De Geer moraines and several other landforms are born.
The Perämeri area was the centre of the continental ice sheet. The ice
was even 3 km deep, and it depressed the crust even by 0.8 km. The
Baltic Sea was even 300 m deep when the ice began melting, 240 m more
than presently. In the beginning the uplift rate was several meters per
year. The northern part of Perämeri lies on Archean bedrock, with an
age of 3.1-2.5 billion years, but other parts are post- or mid-Proterozoic.
Sandstones, conglomerates and clay stones are results of erosion, and they
have accumulated in the upper parts of the basin due to gravity. Deeper
layers of bedrock are dominated by igneous and metamorphic rocks with a
higher density. Because Kvarken is geologically unique, it was accepted to
the UNESCO World Heritage List in 2006. It will have a dry future: after
2000-2500 years, Finland will be connected to Sweden, and Perämeri will
become the largest lake in Europe [2].
Tide gauge readings are a reliable way to determine land uplift on the
coastline. All Finnish tide gauges (Kemi, Oulu, Raahe, Pietarsaari, Vaasa,
Kaskinen, Mäntyluoto, Rauma, Turku, Föglö, Helsinki, Hamina) have
time series longer than 75 years. In each location, the mean change of
the water level has been positive, with highest values in Pietarsaari (8.2
mm/year), Vaasa (8.0 mm/year) and Raahe (7.8 mm/year). In the past,
measurements were registered on paper rolls and collected manually, but
nowadays they are saved digitally and they can be even delivered in no
time. It will be interesting to observe whether or the climatic change will
partly compensate the effect of land uplift, or not. The effect of rising
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sea level will be visible globally, even in the Baltic Sea, where tides and
concomitant erosion are almost non-existent. With the shoreline with-
drawing, plant population dynamics will be affected, most strongly near
the edge of the water.
Even though the land rises very rapidly on the coast of Ostrobothnia,
mean sea level has gone up in south-western Finland. Records of Hanko
tide gauge show that the sea level didn’t descend any more between years
1990 and 2006. The average temperature of the seawater had risen, and
its volume was increased, too. This is why nautical charts need to be
updated regularly. In general, effects of land uplift and rise of seawa-
ter aren’t easily separated in results of tide gauges. Because only verti-
cal values are concerned, these coastal measuring devices cannot provide
comprehensive information about the isostatic adjustment, but continu-
ous GPS time series are for that purpose. Actually there is noticeable
horizontal motion, too, even 3 mm/year in Finnish territory as seen in
the crustal velocity map generated from NKG_RF03VEL model, seen in
Figure 9 [18].
Figure 9. Horizontal deformation of the lithosphere in Northern Europe (left), and corre-
sponding land uplift rates per year (right). In Finland, Ostrobothnia is the area
with highest vertical change. Due to the post-glacial adjustment, southern and
central Finland are moving to the south-east and large parts of Lapland to the
north. The vertical shift is many times stronger [18].
Modelling of the Fennoscandian isostatic rebound has been made to en-
able the regional implementation of European Terrestrial Reference Sys-
tem (ETRS89) and its realizations. When coordinates are transformed
between different ETRS datums, GIA cannot be neglected. The uplift
phenomenon is connected to the tectonic deformation of the crust. [15]
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published a 3D velocity model based on 13-year time series from 80 per-
manent GPS stations of BIFROST network. For the velocity solution,
data from stations in other parts of Europe, even other continents, was
used. However, seasonal variations were strong, and their effect was mod-
elled with annual and semiannual sine and cosine functions. The absolute
land uplift (with respect to the centre of the planet) vabs was calculated as
vabs = 1.06(vapp + 1.32mm/year), where vapp is the apparent land uplift
from the model. The factor 1.06 accounts for the geoid rise and 1.32 is
for the sea level rise. Calculations were in good agreement with velocities
of individual stations, the accuracy being 0.5 mm/year. This study was
a strong proof for the previous results that the Umeå region in Sweden
peaks in uplift rates, but Finnish Ostrobothnia isn’t far behind.
6 Conclusions
Theories of glacial isostatic adjustment cannot work with a proper height
system, and it is a good question, what kind of a height system we Finns
will have in 2050. A new precise levelling would be a project lasting for
decades, and presently there are no plans to do that. As our coordinate
system, EUREF-FIN can be used for a long time, because it has a sufﬁ-
cient accuracy and it works well with both GPS and Galileo satellite data.
However, height systems become obsolete, and land uplift is the primary,
though not the only thing to blame. Global warming will also affect sea
level, and it is even possible that large masses of water are transported
from one side of our planet to another. Even Baltic Sea will not be unaf-
fected when parts of continental ice melt. In near future, geodesists will
have a lot of work with generating new geoid models, as the rising seawa-
ter may partly compensate the uplift. Rivers and entire drainage systems
have changed their ﬂowing directions in a geologically short time, and
the ﬂoods typical of Ostrobothnia can appear in other parts of Finland.
Nobody knows, only future will tell the truth.
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Abstract
GPS meteorology and climatology utilise the observation power of the GPS
technology and its solid satellite constellation to acquire accurate data of
the Earth’s atmosphere for the purposes of weather prediction and study
of climatic processes. Currently, there are two main technique branches
in GPS meteorology and climatology applications, dealing with ground-
based GPS measurements and radio occultation with GPS.
Ground-based GPS measurements provide a means of estimating the to-
tal integrated water vapour in the vertical column above a receiver on the
Earth’s surface. From the continuous measurements of GPS arrays, the
state of the atmosphere can be observed. Radio occultation is a satellite-
to-satellite sounding technique based on measuring how the ray paths of
GPS radio signals are bent by atmospheric refractive index gradients. The
variation of bending angle with height can be inverted to yield a refractive
index proﬁle and subsequently a temperature, pressure or water vapour
proﬁle.
These techniques been actively developed for the past two decades, and
they have grown more sophisticated as GPS technology has become more
accurate and wide-spread. Using GPS measurement data in operational
weather prediction and implementing it into meteorological and climato-
logical models have produced very promising results.
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1 Introduction
Water vapour plays a major role in atmospheric processes from global cli-
mate to micrometeorology, and the distribution of water vapour is closely
coupled with the distribution of clouds and rainfall. Because of the unusu-
ally large heat amount associated to it’s change of phase, water vapour
plays a critical role in the vertical stability of the atmosphere and the
structure and evolution of atmospheric storm systems. Also, the horizon-
tal movement of water vapour and its latent heat has a signiﬁcant effect
on the Earth’s energy balance. Water vapour also constitutes to the green-
house effect more than any other gas in the atmosphere. Still, the speciﬁc
role of water vapour in precipitation, energy transfer, or radiation budget
remains poorly described. This is mostly because the distribution of wa-
ter vapour in the atmosphere is very difﬁcult to quantify due to its high
variability in time and space. Atmospheric scientists have thus developed
many different means to measure the distribution of water vapour.
The cornerstone of atmospheric studies and operational weather anal-
ysis and prediction has been the radiosonde, a balloon-borne instrument
package that sends information of temperature, humidity, and pressure
to ground stations by radio signal. A radiosonde provide continuous in
situ measurements during its ascend with good vertical resolution. But
the serious disadvantage in radiosonde measurements is that radiosondes
are expendable, and the cost of these instruments restricts the number of
launches typically to one to four launches daily at a limited number of
stations. Because of the restricted horizontal and temporal resolution, ra-
diosonde measurements are not able to properly resolve the spatial and
temporal variability of temperature or winds and water vapour in the at-
mosphere. In fact, the uncertainty in the analysis of water vapour is the
major source of error in short-term (0-24 hours) precipitation forecasts.
Ground-based, upward looking water vapour radiometers (WVRs) are
instruments that measure the background microwave radiation produced
by atmospheric water vapour. They measure the sky brightness temper-
ature at speciﬁc frequencies from which they can estimate the integrated
water vapour (IWV) content and integrated liquid water (ILW) along its
line of sight. The WVRs must always be calibrated to local conditions
using independent meteorological data (usually radiosonde data). While
upward-looking WVRs measure water vapour emission lines against the
cold background of space, space-based downward-looking WVRs measure
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the corresponding absorption lines in the radiation from the hot back-
ground of the Earth. The recovery of IWV by space-based WVRs is greatly
complicated over land because the background temperature is quite vari-
able and difﬁcult to determine. Difﬁculties also emerge in the presence
of clouds, because the background temperature can quickly drop from 290
K (Earth’s surface) to 220 K (cloud top). These changes are large and
important but difﬁcult to determine. Thus, satellite-based WVRs tend to
be more useful over ocean than over land, and their utility is degraded
in the presence of clouds. Ground-based WVRs are not affected by light
or moderate cloud cover, but they generally do not work very well in the
presence of heavy cloud. Also, few WVR instruments are able to pro-
vide useful data when it is raining. Ground and space-based WVRs are
complementary systems, ground-based instruments provide good tempo-
ral but poor spatial coverage, whereas space-based instruments have the
opposite characteristics. [3]
GPS has provided a new means of measuring water vapour in the at-
mosphere. GPS is a global satellite system conventionally used for nav-
igation, time transfer and relative positioning. The potential GPS mea-
surements have in meteorological and climatological applications is based
on the fact that the propagation of the GPS L-band (1.2 and 1.6 GHz)
microwave signals is greatly inﬂuenced by the constituents of the atmo-
sphere. GPS geodesists and atmospheric scientists have devised many
procedures for estimating how much atmosphere in general, and water
vapour in particular, are slowing the propagation speed of GPS signals.
From the total delay induced to the GPS measurements it is possible to
determine the “zenith wet delay” caused only by water vapour in the at-
mosphere overlying the receiver, in contrast to “zenith hydrostatic delay”
or “zenith dry delay” caused by the entire gas content in the overlying at-
mosphere. The wet delay is nearly proportional to the amount of precip-
itable water above the GPS receiver, and from continuous measurements
on multiple locations the spatial and temporal variations can be observed.
(The quantity of atmospheric water vapour overlying a given point is usu-
ally stated as the vertically integrated mass of water vapour per unit area
(e.g. in kilograms per square meter) or as the height of equivalent column
of liquid water (precipitable water).)
GPS measurements have been applied in meteorology and climatology
applications for more than a decade, and they have proved their capability
to measure the zenith integrated water vapour (IWV) with the same ac-
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curacy as other methods, like radiosondes and WVRs. The GPS has been
of great interest in meteorology and in climatology because of the high
spatial density of observing GPS stations and its continuous observations
of the state of the water vapour in the atmosphere. Compared to WVRs,
GPS operates in all weather conditions without need of complicated cal-
ibration. With tomographic analysis techniques it is possible to process
multiple GPS integrated water vapour measurements into three dimen-
sional (plus the time-varying fourth dimension) water distribution models
of the atmosphere. The assimilation of GPS measurements in numerical
weather prediction models has been a much investigated topic and the
GPS measurements have proven to improve the analysis of water vapour
in the atmosphere and the precipitation forecasts. [5]
In this work, I present the most prominent techniques presently used
in GPS meteorology and climatology. Tropospheric water vapour and its
variations can be derived from GPS ground measurements effectively by
utilising the continuous measurements of the dense GPS station networks
around the world (section 2). In GPS radio occultation technique the prop-
erties of the the atmosphere are calculated from satellite-to-satellite mea-
surements between the GPS constellation and special low Earth orbiter
(LEO) satellites (Section 3). In the following sections I will describe the
main points of these techniques. Particular attention is paid on how the
techniques have evolved to their current state and the future prospects of
GPS meteorology and climatology.
2 Tropospheric water vapour from GPS ground station
measurements
2.1 Atmospheric propagation delays as meteorological signals
In GPS geodesy, distances between the satellites and the receivers are de-
termined by measuring the time of ﬂight of the time-tagged radio signals
that propagate from satellites to receivers (pseudo-ranging) or by ﬁnding
the associated path lengths with interferometric techniques (phase mea-
surement). Both of these techniques are complicated by the Earth’s atmo-
sphere, since the atmosphere increases the optical path length between
the satellite and receiver and induces delays to the time of ﬂight of the
GPS signal. On of the main tasks of geodetic GPS signal processing is to
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get rid of these delays, reducing all optical path lengths to straight-line
path lengths.
Both the ionosphere and the troposphere induce propagation delays to
the signal. Propagation delays induced by the ionosphere depend on the
frequency of the signal, and these delays can be determined and removed
from the signal by detecting both GPS frequencies (L1 and L2). Propaga-
tion delays induced to the signal by the troposphere cannot be determined
this way because troposphere is neutral and effectively non-dispersive.
Troposphere is a mixture of dry gases and water vapour. Water vapour
is a unique constituent in this mix in that it possesses a dipole moment
contribution to its refractivity and, in fact, most of the refractivity water
vapour causes is because of its dipole behaviour. This is why we treat
the dipole component of the water vapour refractivity separately from the
non-dipole components of water vapour and the other gases in the tropo-
sphere. The dipole component is called “wet delay” and the non-dipole
component is called “hydrostatic delay” (sometimes erroneously referred
to as “dry delay”). Hydrostatic delay is caused by hydrostatic refractivity
effects of all the gases in the troposphere together. Both the tropospheric
delays are smallest in the zenith, and larger with smaller elevation an-
gles, getting to roughly 4 times the zenith delay at 15◦elevation angle.
The delays are usually mapped to the zenith with special mapping func-
tions. [3, 1]
The zenith hydrostatic delay (ZHD) has a magnitude (equivalent GPS
phase delay length) of about 2300 mm at sea level. It is possible to pre-
dict the ZHD to better than 1 mm given surface pressure measurements
accurate to 0.3 hPa (millibar) or better. The zenith wet delay (ZWD) is
smaller, but much more variable in space and time. It can vary from a
few millimetres in desert conditions to more than 350 mm in very humid
conditions. Once the ZHD parameters have been estimated from the mea-
sured GPS neutral delay, it is possible to estimate ZWD by subtracting
ZHD from the ZND, where the ZHD is derived from the surface pressure
readings. ZWD can then be transformed into an estimate of precipitable
water vapour (PWV) by using either a numerical weather model or a sta-
tistical/analytical model of the vertical temperature distribution at the
receiver site. [9]
In meteorological and climatological applications it is these delays we
are concerned about. The wet delay and the PWV quantities are par-
ticularly important, because they contains information about the water
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Figure 1. GPS signal propagation through the atmosphere. Refraction in the atmosphere
results in bending and delays in the signal.
vapour in the overlying atmosphere. When we determine the delays from
a GPS station network with each station tracking multiple GPS satellites,
we can reconstruct a 3D water vapour distribution in the atmosphere.
This is done by integrating these values with tomographic techniques.
2.2 About GPS water vapour tomography
GPS water vapour tomography is quite a new technique in which water
vapour distributions in the atmosphere are derived from continuous GPS
ground measurements. Numerical weather prediction models require pre-
cise 3D information of the water vapour distribution with a high temporal
resolution to provide reliable predictions. In regions with a high density
GPS network GPS tomography be an effective source for collecting data
for them. The technique consists of the retrieval of a 3D scalar ﬁeld of the
water vapour from integrated measurements.
Tomographic techniques have been intensively used in recent decades
in medicine to investigate the human body of in seismology to describe
the seismic velocity anomaly of the Earth’s interior. In these ﬁelds to-
mographic inversion is well constrained by a sufﬁcient amount of data
which can be accumulated because the structures do not change in time.
The tomography of topospheric water vapour, however, is not as well con-
strained because the limited number of simultaneously visible GPS satel-
lites and because of the great temporal variability of the water vapour.
The ﬁrst tropospheric tomography studies have been performed by [7].
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Figure 2. (a) A 2D view of the voxel discretization of the space (atmosphere) and the
assumed rays between GPS satellites and ground receivers. (b) ΔSIWV is the
path-length of one ray in one voxel.
Further validation of the technique with a dense GPS network has been
conducted during the ESCOMPTE ﬁeld experiment in Marseille in June
and July 2001 [5]. GPS tomography has also been proved to work well
with data from other densely arranged GPS networks, such as data from
many national GPS ground station networks [10, 1]. From these kind of
GPS ground measurements, long-term time-series of the total amount of
water vapour with high spatial and temporal resolution can be provided at
relatively low cost. Moreover, the high vertical resolution of water vapour
distribution allows for numerous additional insights into global and re-
gional airﬂow and chemical processes in the atmosphere.
2.3 From observed GPS delays to water vapour distribution
In GPS tomographic processing, the zenith delays between all the visible
GPS satellites and all the ground receivers are observed continuously for
certain time intervals. The zenith delays are mapped to the zenith to form
the slant delays observed between the GPS satellites and receivers. The
gradients in the hydrostatic component can be determined and removed
from surface measurements, and the remaining ZWD is then used to con-
struct the slant integrated water vapour (SIWV) values, which are the
initial observation values in the tomographic processing. [5]
To effectively determine the distribution of the water vapour and its
variation in the atmosphere, the space occupied by the observed atmo-
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Figure 3. 3-D view of the tomographic voxel model above the Swiss territory. The ﬁgure
shows the core voxel model of 6×3 voxels per layer, and layers up to 5000 m
altitude. The GPS stations of the AGNES network are shown as pillars (length
of pillar according to their station altitude). [10]
sphere is divided into voxels of appropriate size, each voxel having con-
stant refractivity. See Figure 2a for an illustration of the setting. See
Figure 3 for voxel model used in [10]. The number of traversing rays per
voxel depends on the geometry deﬁned by the distribution of the ground
GPS stations as well as the satellite constellation and on the resolution of
the voxel model. Usually, only a part of the voxel refractivities are sufﬁ-
ciently determined.
The reconstruction of a complete 3D water vapour distribution requires
the solution of an inverse ill-posed problem with incomplete data. The
input data is usually incomplete because only a very limited number of
SIWVs can be obtained with a given constellation of GPS satellites and
receivers. A reliable tomographic reconstruction would require a large
number of SIWVs per voxel. The reconstruction of the atmospheric water
vapour from GPS data alone would therefore be limited to cases of very
dense local networks with receiver distances less than 1 km. In more
sparse regional or national networks a priori knowledge, constraints and
meteorological observations become more important [1]. The lack of GPS-
data can to a certain extent be compensated by using for example a good
initial distribution, by introducing inter-voxel constraints and by using
additional non-GPS observations. [3]
Regardless of the difﬁculties in the technique, different tomographic re-
construction techniques have been successfully used to obtain good qual-
ity water vapour distributions in the troposphere [7, 10]. Most of the
reconstruction techniques need a set of internal parameters which have
to be optimised for atmospheric reconstructions. Furthermore, all these
inverse methods depend strongly on the chosen initial conditions, like the
initial water vapour ﬁeld, and require additional information which can
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be used during the reconstruction process. The reconstructed moisture
distribution will ﬁnally be a representation of not only the the quality of
the GPS input data but also the skills of the reconstruction algorithm, the
chosen parameters and the initial conditions. There are many kinds of to-
mography software packages available for processing, such as AWATOS
(Atmospheric WAter vapour TOmography Software) used in [10]. The
software packages are under constant development and evolving quite
rapidly.
2.4 Enhancing GPS tomography with other GNSS systems
The slant paths of one single GNSS system are always rather in-homoge-
neously distributed and different parts of the atmosphere are covered
at different times. Usually, between 6 GPS and 12 GPS satellites can
be tracked by one receiver. It is difﬁcult to represent the atmospheric
state with such a small number of slant paths. The satellite positions
also change very fast and the signals detected propagate through differ-
ent parts of the atmosphere. The information provided by a network of
a single GNSS system receivers is therefore highly variable in space and
time. Currently only GPS is used for operative water vapour tomogra-
phy, but utilization of the extra observation capacity of other GNSS sys-
tems GLONASS and Galileo is also investigated. The situation can be
considerably improved by combining the observations of the other GNSS.
The distribution of slant paths becomes much more homogeneous if more
satellites can be tracked (see Figures 4 and 5). With these additional ob-
servations, the temporal variations in the water vapour distribution are
no longer dominated by the satellite constellation but represent the true
atmospheric variations to much greater extent. Tracking two or three
satellite systems simultaneously provides therefore considerably more in-
formation about the atmospheric state than the observations of a single
system.
The spatial distribution then becomes much more homogeneous and
the temporal variations are much smoother. It could therefore be ex-
pected that the quality of consecutive tomographic reconstructions will
become more uniform. Another aspect is that the total coverage of the
atmosphere would also be signiﬁcantly improved. However, the highly in-
creased amount of data to process places challenges for the tomographic
analysis techniques used. [2]
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Figure 4. GPS paths observed by a single station, plotted up to a hight of 12 km. Paths to
GPS satellites are given in red, to GLONASS satellites in yellow, and to Galileo
satellites in orange. [2]
Figure 5. Spatial coverage of the atmosphere by slant paths of GPS observations (red,
top left) and Galileo observations (orange, top right). Combining GPS and
GLONASS (yellow, bottom left) or all three systems (bottom right) will result
in considerably better spatial coverage of the troposphere. [2]
2.5 Other possible improvements in GPS Tomography
The ray paths of the fast moving GPS satellites traverse constantly chang-
ing regions of the atmosphere. Therefore, collecting data over a limited
period of time would provide only little less information about the tempo-
ral change in the atmosphere but would substantially increase the spa-
tial information. The resolution of the tomographic reconstruction can be
improved by using data collected up to several hours. The reduced tem-
poral resolution would be no consequence for several applications which
require the data in certain intervals, such as data assimilation in numer-
ical weather models.
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One of the most critical parameters to the amount and quality of data
provided by GPS networks depends on the elevation cut-off angle used by
the GPS receivers and the processing algorithms. Reducing the minimum
elevation angle would considerably increase not only the total amount
of data but would also provide valuable information about the the lower
regions of the troposphere.
Increasing the number of GPS ground stations would improve the data
quality in several ways: The poor results at the outer boundary of the
grids can be reduced by covering an ex- tended area. A higher density
of stations will provide ﬁelds with an enhanced resolution, especially in
the vertical direction. The vertical resolution can be further improved by
making use of the topographic conditions, e.g. at mountain sides. Further
improvements can be expected from low earth orbiters (LEOs) which pro-
vide horizontal views through the atmosphere, adding to the observation
data in the tomographic process. Several LEOs providing radio occulta-
tion data are currently in orbit, and other missions are planned. See the
next section for more about GPS radio occultations. [1]
3 GPS radio occultation
Global climate models need continuous atmospheric information from all
around the Earth. Atmospheric information obtained with GPS ground
measurements alone cannot cover the Earth completely, since they only
have receivers set up on land. Other techniques are necessary to obtain
global coverage. Radio occultation (RO) is an atmospheric remote sensing
technique that is based on detection of the change in a radio signal as it
passes through a planet’s atmosphere, or in other words, as it is occulted
by the atmosphere. When a radio signal passes through the atmosphere
its phase is delayed and bent according to the atmospheric refractivity
along the signal path. Measurements of the phase perturbations in the
signal reveal the refractivity along the signal path, from which quantities
as atmospheric temperature, pressure and water vapour content can be
derived.
RO technique has been used actively from as far back as the 1960’s
on studying atmospheres of other planets and other celestial objects in
the solar system. In these missions the radio signals between the Earth
ground stations and the probe or spacecraft were observed during their
occultation of the planet’s atmosphere. These measurements were then
Esa-Pekka Sundell: The Current State of GPS Meteorology and Climatology
33
used to analyse the atmospheric content of the planet in question. This
kind of radio sounding techniques have been applied successfully for decades
everywhere else in the solar system, but have only recently become use-
ful for the study of the Earth’s atmosphere. The reason for this is that
a proper occultation measurement requires both a transmitter and a re-
ceiver off the the planet of interest, and we have seldom had that possi-
bility with the Earth in the past. To wield useful information about the
whole atmosphere, the measurements must also be comprehensive, con-
tinuous and synoptic, so many transmitters and receivers are needed to
be working at the same time.
The implementation of GPS network of satellites and the development
of small, high- performance GPS receivers have since made the active re-
mote sounding of the Earth’s atmosphere with RO measurements possible
at comparatively low cost. GPS RO technique possesses a unique combi-
nation of global coverage, high precision, high vertical resolution, insensi-
tivity to atmospheric particulates, and long-term stability. These proper-
ties are well suited for several applications including numerical weather
prediction and long-term monitoring of the Earth’s climate. [13]
The ﬁrst RO missions utilising GPS were launched in the early 1990s,
with a low-cost demonstration experiment GPS/MET by University Cor-
poration for Atmospheric Research (UCAR). GPS/MET satellites acquire
RO observations with a low cost geodetic ground receiver on board. The
mission produced good results, and afterwards many new spacecraft have
been launched into low Earth orbit to provide RO observations: CHAMP
(Germany), SAC-C (Argentina), GRACE (2 spacecraft, US/Germany) and
IOX (US) for example. In 2006 a whole constellation of RO observing
satellites called COSMIC (see section 3.2) was launched. The GPS re-
ceivers aboard shuttles and the International Space Station (ISS) have
also been used for RO measurements.
New GPS occultation sensors can be used quite effortlessly to extend
existing satellite systems. The data can be analysed using the existing
ground infrastructure and processing systems. There is also no need for
an additional calibration effort. This makes it relatively easy and afford-
able to build powerful multi-satellite RO observation systems.
3.1 From GPS signal occultations to atmospheric quantities
GPS radio occultation (RO) technique is used on Earth by observing how
radio signals propagating between GPS satellites and receivers placed on
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a low Earth orbit (LEO) satellites are bent or refracted by the atmosphere
(see Figure 6). The bending is caused by gradients in the refractive index
of the atmosphere. During an occultation event the movement of the satel-
lites enables the observation of the variation in the bending of the signal
path as a function of the signal path height above the surface. These
bending angle proﬁles can then be inverted to provide vertical proﬁles of
refractivity, and subsequently vertical proﬁles of atmospheric tempera-
ture, pressure, or water vapour with high accuracy (less than 1 Kelvin in
temperature), and with a vertical resolution of a few hundred meters.
Figure 6. GPS occultation with a low Earth orbiter (LEO) satellite.
The refractive proﬁles cannot be separated to atmospheric quantities by
themselves, however, and some a priori information is necessary when
constructing different proﬁles. If temperature proﬁle is desired, for in-
stance, information about the atmospheric pressure is required for pro-
cessing, and if pressure proﬁle is desired, temperature information must
be available. In the lower part of the troposphere, the uncertainty in wa-
ter vapour content leads to a large error in the recovered temperature.
In that region, since it is water vapour that is of greater consequence
in weather modelling, it is easier and more beneﬁcial to recover water
vapour proﬁles instead.
A single LEO satellite can recover more than 500 atmospheric proﬁles
each day, distributed almost uniformly around the globe. A constellation
of multiple LEO satellites can produce thou- sands of atmospheric pro-
ﬁles daily. With their even distribution and good temporal resolution, RO
observations greatly complement for example radiosonde measurements,
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which are only conducted in very speciﬁc locations and only a few times a
day (see Figure 8).
The potential of GPS occultation technique for both climate monitoring
and climate model evaluation has been widely studied. RO observations
are expected to provide useful information relating to near-tropopause
temperature changes, humidity changes in the lower and middle tropo-
sphere, and the expansion of the troposphere due to global warming. They
have also been found useful to study the water vapour transport to the up-
per troposphere and lower stratosphere by deep convective storms [4]. RO
data can also be utilised in a global numerical weather prediction (NWP)
system. An important feature of RO measurements is that they can be
assimilated to a climate model without the need for bias correction. This
enhances their ability to correct model biases which are otherwise difﬁ-
cult to rectify because other satellite data tend to be bias corrected to the
assimilating model [8].
3.2 Constellation Observing System for Meteorology,
Ionosphere and Climate (COSMIC)
After promising results with GPS radio occultation measurements from
receivers on GPS/MET satellites, CHAMP and GRACE satellites and oth-
ers, a demand for a larger GPS radio occultation observation system was
raised. Constellation Observing System for Meteorology, Ionosphere, and
Climate (COSMIC) is a satellite program designed to provide GPS ra-
dio occultation measurements and products to support meteorology, iono-
spheric research, climatology, and space weather research [6]. The COS-
MIC satellite constellation (also known as FORMOSAT-3) consists of 6
microsatellites (see Figure 7) equipped with GPS receivers that continu-
ously provide GPS RO observations from their LEO orbits.
The constellation is a joint U.S.-Taiwanese project with major partic-
ipants including the University Corporation for Atmospheric Research
(UCAR), the National Science Foundation, the Naval Research Labora-
tory (NRL), the Air Force Research Laboratory (AFRL) on the U.S. side
and the National Space Organization (NSPO) on the Taiwanese side. The
COSMIC satellite constellation was launched from Vandenberg AFB on
April 15, 2006. The satellites have since been raised to their ﬁnal orbit
to an altitude of 800 km and they have formed an operational constella-
tion of six orbital planes separated by 30 degrees at the inclination of 72
degrees.
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Figure 7. Components of a FORMOSAT-3 / COSMIC satellite. [12]
Figure 8. A map showing the typical occultation locations of 24 Hrs worth of COSMIC
soundings (green diamonds) compared to existing radiosonde launch sites (red
circles). (Illustration by Bill Schreiner [11])
COSMIC not only refers to the satellite constellation, but also to the or-
ganization now maintaining the constellation and processing the occulta-
tion measurements to various products. The COSMIC Data Analysis and
Archive Center (CDAAC) processes data from COSMIC constellation to-
gether with data from other RO missions, including GPS/MET, CHAMP,
SAC-C, and GRACE. CDAAC processes raw RO data into atmospheric
proﬁles in near real time. Ninety percent of RO proﬁles are delivered
to operational weather centres within 3 hours of observation. CDAAC re-
processes the data in a more accurate post-processed mode within 6 weeks
of observation. CDAAC also periodically re-processes all RO missions ev-
ery 1-2 years with consistent software and algorithms to provide the most
accurate and stable products for use in climate studies. The products are
constantly re-processed with the newest algorithms to ensure data consis-
tency.
COSMIC is currently providing between 1000-2500 daily RO proﬁles in
the neutral atmosphere, 1000-2500 daily electron density proﬁles and to-
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tal electron content arcs, and TIP radiance products (see Figure 8). The
data have demonstrated their value in operational weather forecasting,
hurricane forecasting, and investigations of the atmospheric boundary
layer. The data have been used extensively to test ionospheric models
and their use in operational space weather models is under development.
COSMIC GPS RO data also have the potential to be of great beneﬁt in
other climate studies due to their high precision and global coverage.
4 Conclusions
Water vapour is one of the most important constituents of the troposphere
and its variations are very signiﬁcant in weather formation. Temporally
and spatially resolved humidity information are essential in many ﬁelds
of meteorological research and applications, such as weather forecast, es-
pecially precipitation forecast and nowcasting, hazard mitigation and wa-
ter management. These applications greatly beneﬁt from the additional
atmospheric observation power of the GPS meteorology and climatology
techniques. The GPS measurement infrastructure is already there so the
GPS meteorological and climatological techniques can be utilised with
very small efforts and much less investment than other techniques.
GPS tehchniques are also able to observe continuously regardless of the
weather. Some GPS ground station networks already provide moisture
data operatively and plans to set-up GPS based water vapour retrieval
systems exist in most European countries. Nowadays there are many GPS
radio occultation capable low Earth orbiting satellites, which produce an
in- creasing number of globally distributed atmospheric proﬁles of high
quality. This allows for improved global weather forecasts and to detect
relevant climate change variations of the Earth’s atmosphere.
Much research has been done on GPS meteorology and climatology but it
is still a relatively new ﬁeld of study. The techniques are constantly being
developed and they have not yet been utilised to their full potential. GPS
techniques have, however, revolutionized the ﬁeld of meteorology and cli-
matology and more great results are expected from them.
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Abstract
Geodetic VLBI is an irreplaceable technique in the determination and com-
bination of terrestrial and celestial reference frames. In this paper the ba-
sic principle of VLBI observations and data acquisition process are brieﬂy
discussed. Furthermore, the connection between observed delays and esti-
mates for geodetic parameters is discussed. A Matlab based VLBI analysis
software VieVS is introduced. The structure and functionality of VieVS is
discussed to some detail and a demonstration of geodetic parameter esti-
mation using VieVS is processed. The results for dUT1 and station coor-
dinates for Wettzell VLBI station are investigated in more detail by using
a Matlab script to read and generate corresponding time series vectors for
the estimates. The obtained offsets varied within a reasonable range for
both dUT1 and station coordinates.
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1 Introduction
There exists a wide variety of space geodetic techniques for studying phe-
nomena related to geodynamics and geodynamic models, which are con-
nected to plate tectonic movement and Earth orientation. These tech-
niques consist of ﬁve main components: Global Navigation Satellite Sys-
tems (GNSS), which includes mainly GPS and GLONASS, Satellite and
Lunar Laser Ranging (SLR and LLR), Doppler Orbitography and Ra-
diopositioning Integrated by Satellite (DORIS), and Very Long Baseline
Interferometry (VLBI). Each of the techniques have their own advantages
and drawbacks and to utilize these available techniques to their full po-
tential, they are combined in order to produce as accurate data products
as possible.
One of the main strengths of GNSS, in the context of global reference
frames, is scalability. The relatively low cost of GNSS-stations has en-
abled the construction of a very dense observation network, which is con-
tinuously improved by building new observation sites. However, observa-
tions independent of GNSS are required to establish and maintain global
reference frames as well as augment the positioning of satellites. SLR
and DORIS are used for GNSS-independent satellite tracking, but they
also contribute to other ﬁelds of research. Measurements from DORIS
are used in the determination of station positions, geodynamics, tropo-
spheric and ionospheric models, and gravitational models. SLR is used to
obtain a highly accurate position for the origin of global reference frames,
i.e. the center of mass of the Earth. LLR contributes to the observation
of secular changes in nutation and precession as well as the obliquity of
the ecliptic. These parameters are used in establishing the connection of
celestial and terrestrial reference frames (CRF and TRF).
Compared to the other observation methods, VLBI has several advan-
tages. It is the only space geodetic technique which allows for simultane-
ous high precision measurement of all the Earth Orientation Parameters
(EOP), making it an essential component in measuring the variations in
Earth rotation, Fand combining TRF and CRF. The development of VLBI
started in the 1960s and was at the time motivated by astronomical ob-
servations of the recently found extragalactic radio sources of very small
angular size, quasars, which required ever increasing baselines between
conventional radio interferometers. This led to the situation where the
radiotelescopes could not be physically connected, but measurements had
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to be recorded in individual stations and combined afterwards. This char-
acteristic design constitutes the VLBI technology.
Due to the great distance of hundreds of light years, quasars appear as
ﬁxed points relative to other astronomical objects, creating a network of
reference points. When the source coordinates were established, VLBI
could be utilized as a geodetic technique to observe baselines between
radiotelescopes and earth orientation. The development of geodetic VLBI
started in 1970s at the NASA Goddard Space Flight Centre with the Mark
I VLBI system [7]. At that time, baselines spanned the United States and
were typically in the region of 4000 km. Formal errors for these baselines
were 70 mm and as the technology improved the errors approached sub-
centimetre category. Nowadays, the international VLBI campaign aims
for a positional accuracy of 1 mm.
The international VLBI observation program is an extensive combina-
tion of technical and scientiﬁc research including observations, schedule
management, data acquisition, correlation, post-processing, and analysis.
To analyze VLBI data, a wide variety of VLBI analysis software of vary-
ing features is available, which are used to generate databases, process
and simulate VLBI data to derive estimates for geodetic parameters and
to test alternative models used in the analysis. This paper demonstrates
an example of one such program, Vienna VLBI Software (VieVS). Written
in Matlab, VieVS is one of the most recent VLBI analysis software. Both
the capabilities and limitations of VieVS are discussed through the basic
demonstration of the software and an example analysis using real VLBI
data. Prior to analysis demonstration, the basic principle of VLBI and
related observation and data acquisition techniques are discussed.
2 VLBI
VLBI is an astronomical interferometry technique that uses two or more
telescopes to improve the resolution of the antenna system by recording
the observed signals with highly accurate timestamps. Because the ob-
served sources emit radio waves, the wavelengths range from millimeters
to meters. The approximate relationship between the resolving power of
the telescope, observed wavelength and aperture is presented in (1)
θ  λ
D
, (1)
where θ is the resolving power, λ the observed wavelength, and D the
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aperture. The resolving power for the operating frequency range for the
largest existing steerable radiotelescope, the 100 m Green Bank Radiote-
lescope [4], is 0.1-116 GHz, which translates to observable wavelengths
from 2.6 mm to 3m. Using (1) this translates approximately to a resolving
power of 5.3 to 6183.7 arcseconds. However, quasars have ﬁne structure
variations in the scale of milliarcseconds, thus making the only adjustable
parameter, aperture, insufﬁciently small. To reach milliarcseconds resolv-
ing power for radiowaves requires an aperture size of hundreds of kilo-
meters. This fundamental problem creates the need to increase baseline
between stations and have the capability to combine the observations to
create a radiotelescope array with the resolving power proportional to the
baselines between observing stations.
VLBI can be divided into two components: astrometric and geodetic
VLBI. With astrometric VLBI, sources are observed in order to produce a
detailed image of the structure of the source. This usually means that the
antenna network observes a single source for a period of time. In addition
to source structure research, the achievable high resolution enables accu-
rate measurements of positions and proper motions of extragalactic radio
sources. The source positions are used in the realization of the barycen-
tric International Celestial Reference System (ICRS). The realization of
ICRS is the International Celestial Reference Frame (ICRF), which uses
the measured positions as datum points. Figure 1 illustrates the distri-
bution of 212 sources constituting the ICRF2. Geodetic VLBI can be seen
as a reverse process to astrometric VLBI. In geodetic VLBI, the source
coordinates of quasars can be regarded as time-invariant points of refer-
ence. The source coordinates are used to compute the lengths of baseline
vectors between the stations in the observation network. Due to the high
resolving power and thus accurate angular resolution, geodetic VLBI is
also used to monitor Earth orientation by measuring EOPs. As opposed
to astrometric VLBI, geodetic VLBI observation campaigns measure mul-
tiple sources, which are distributed in the sky in a way that aims to ensure
an optimal observation geometry.
2.1 The basic principle of VLBI
Because of the sources properties discussed earlier, VLBI technique uti-
lizes a network of telescopes. The recorded signals from all the stations
have to be combined to produce observations with sufﬁcient precision, ex-
ceeding the resolution of the individual antennas. In order to achieve
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Figure 1. ICRF2 sources derived from VieVS ICRF2-ﬁle in right ascension - declination
system.
this, the station network makes simultaneous observations of a selected
source by measuring the incoming ﬂux. Due to the fact that the stations
are physically separated by hundreds to thousands of kilometers, a direct
connection between the stations has been historically impossible between
the sites and correlators. However, the VLBI data transfer using ﬁbre op-
tic cables is actively developed and implemented in an increasing number
of stations. The data recording rates of modern VLBI systems in terms
of current technology is very high, e.g. a Mark5 VLBI data system has a
data rate up to 4096 Mbps, which leads to high data storage requirements.
The data recording process will be discussed in more detail in section 2.2.
The signal from an extragalactic radio source, as is the case with geode-
tic VLBI, can be modelled as a plane wave approaching the stations. Due
to the station positions and the rotation of the Earth, a time difference up
to roughly 0.02 s is observed between stations receiving the same signal.
Thus the data must be supplemented with an extremely accurate time
signal in order to combine the individual observation data from VLBI sta-
tions. To realize the time signal, each station is equipped with an indepen-
dent clock. To achieve the highest possible precision, the clocks used in
modern VLBI stations are hydrogen masers. These clocks have very high
degree of stability in order of 10−15 s, which translates approximately to
a drift of 1 s per million years [3].
2.2 Correlation and VLBI data systems
The high data rates during the observations translate to large quantities
of data. The data at VLBI stations could be stored either on magnetic disc
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or tapes. However the development of magnetic disc technology has led
it to be a far more cost-effective option compared to tapes [3]. A widely
used VLBI data system is the Mark-series, developed in MIT Haystack
Observatory. Currently, the most used Mark-system is the Mark5, but at
the moment the new Mark6 system is planned for general use in the mid-
2012. With the Mark6 system the development has shifted from the ded-
icated hardware of Mark5 to inexpensive and more ﬂexible off the shelf
hardware. With the Mark5 system data record rates up to 4096 Mbps
can be achieved. This rate results in up to 40 TB of data for each sta-
tion per day and during longer observation campaigns, the cumulative
amount of data can reach 4 PB. The huge amount of data relative to prac-
tically available disk space poses a limit to the duration of observation
campaigns. Furthermore, due to the fact that the most cost-effective way
to increase the sensitivity of VLBI is to increase the observation band-
width i.e. the data rate, an ever increasing storage space is required. Cur-
rently, the aim is to achieve data rates up to 32 Gbps and with the latest
addition to Mark-series, the Mark6, a sustained data rate of 16Gbps has
been achieved [1]. The drawback of storing the data locally on disks is the
slow turnaroud of data, because the hard drives have to be physically sent
to the correlators. This is a particular problem with rapid-determination
of universal time (UT1). Although earlier the only way to transfer the ob-
servation data was to physically deliver the hard drive or magnetic tapes
from VLBI stations to correlators, the development of high speed data
transfer via ﬁbre optic cables has made it possible to utilize e-VLBI, i.e.
to transfer VLBI observation data electronically directly to correlators in
real or near real time. Although e-VLBI is of 2012 widely used in Europe,
a global use is still limited and there exists several challenges, such as
hardware limitations, remote locations of the telescopes causing connec-
tivity issues and network bottlenecks [1].
From the high precision timing of the signal time delay between tele-
scopes, the distance between stations can be calculated. The observed
time delay, τobs, between two radio telescopes is the basic geodetic VLBI
observable. To compute the time delay between stations the VLBI data
recorded at the individual stations is delivered to a correlation facility.
The correlator is essentially a dedicated computer. The computer is de-
signed to reproduce and combine the recorded signals pairwise between
observed baselines to acquire the visibility function of the observed source.
However, it is to be noted that in recent years software correlation has
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also become computationally feasible. To combine the observations, the
two signals are shifted in relation to each other and for each shift-value
a correlation value is calculated. A fringe is observed at the maximum
correlation point when the time shift equals the time delay between the
two stations. There are a total of 7 correlators operating under Interna-
tional VLBI Service (IVS) in USA, Germany, Japan, Russia and China.
The correlation centers in United States, in Haystack and Washington,
operate a Mark IV, which is a dedicated hardware correlator developed in
the 1990s. It has been upgraded to accommodate new Mark5 magnetic
disk arrays and e-VLBI [2]. In addition to the USA, correlation centers in
St. Petersburg, Russia, and Shangai, China use specially developed hard-
ware correlation systems. Mark IV correlator was used in Bonn, Germany
up to the year 2010, when after hardware failure the facility moved exclu-
sively to a DiFX software correlator system. In Japan, centres at Tsukuba
and Kashima use K5/VSSP and K5/VSI software correlator systems, re-
spectively.
2.3 VLBI observables and geodetic parameters
The observed time delay, τobs, between two radio telescopes is the ba-
sic geodetic VLBI observable. The signal is converted to digital form
at the VLBI station before correlation, from which the correlation peak
corresponds to τobs. The correlated radio signals are governed by noise,
thus making the recorded data effectively two high-precision timed sets
of Gaussian noise. The delay is affected by a wide variety of distorting
factors and technical limitations, which have to be accounted for in order
to ﬁnd an accurate epoch correlation fringe. The bandwidth, i.e. the sam-
pling data rate, discussed in section 2.2 used in the observation affects
the overall precision of the time delay. The relationship of delay precision
to effective bandwidth and noise is given by (2) [6]
δτobs =
1
SNR×Beff , (2)
where δτobs is the delay precision, SNR is signal-to-noise ratio, and Beff
is the effective bandwidth of the observed signal. From this relationship
it is evident that the way to improve delay precision is to increase the
SNR and bandwidth. However, increasing the SNR would require more
sensitive receivers and at the moment receivers are approaching quantum
noise limits and the signal is heavily distorted by atmospheric noise [1].
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The main component contributing to the total observed time delay is the
geometric delay, τg, in the propagation time of the signal between station
1 and 2. The fundamental relationship between time delay and baseline
is given by (3)
τc = −b · k, (3)
where τ is the time delay, c is the speed of light, b is the baseline vector,
and k denotes a unit vector of the observed source perpendicular to the ar-
riving plane wave. In addition to τg the observed delay contains numerous
distorting factors, which have to added to the observation equation. The
observation geometry is not static between telescopes, but during the ob-
servations the rotation of the Earth causes one of the telescopes in a base-
line to move slightly before the radio signal recorded by receiver 1 at an
epoch t1 reaches receiver 2. Additionally, the signal propagates through
the atmosphere before it reaches the antennas, which causes tropospheric
and ionospheric delays, and thus the τg is adjusted accordingly. Further-
more, the signal is distorted by gravitation from bodies of mass in the
solar system and special as well as general relativistic correction to the τg
are required. At the stations, mis-synchronization between station clocks
and the propagation of signal in the cables and instruments cause vari-
able time delays for each station [9]. When taken into account all these
factors, the observation equation is corrected with the sum of these terms
according to (4)
−cτ = b · k +Δτb +Δτclock +Δτtrop +Δτion +Δτcal +Δτrel + ... (4)
where the Δ denotes a change in propagation distance for the subindices
accordingly. The subindices account for adjusted geometric baseline, clock
error, troposphere, ionosphere, cable calibration, and relativistic effects
respectively [5].
Using the correlated, corrected and post-processed time delay observa-
tions, geodetic parameters can be estimated from the data with VLBI
analysis software. The estimated parameters depend on the applied soft-
ware. The VLBI analysis software VieVS used in this paper can produce
estimates of the following geodetic parameters: clock parameters, zenith
wet delay (ZWD), troposphere total gradients (East and West), TRF sta-
tion coordinates, CRF sources coordinates, and all ﬁve EOPs. The ﬁve
Earth orientation parameters include polar motion (xpol, ypol), celestial
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motion of the pole (dXnut,dYnut) and universal time expressed as the differ-
ence UT1-UTC (dUT1). VLBI is essential in establishing the relationship
between ITRF and ICRF, because it is the only space geodetic technique
capable of measuring all of the EOPs simultaneously while observing the
sources in CRF and station coordinates in TRF.
3 VLBI analysis software
The purpose of VLBI analysis software is to process and analyze the time
delay data from VLBI observations to yield estimates for geodetic param-
eters. There are a wide variety of options available for analysis and the
oldest VLBI analysis software dates back to the 1970s. Due to the long
legacy of development, there still exist dependencies between the analy-
sis software. This dependency is because some of the software have an
important role in VLBI data ﬂow process. Calc/Solve is the oldest and
widely used analysis software among the VLBI community and it is used
in the process to generate the National Geodetic Survey (NGS) database,
which contains e.g. the delay observations for each observed and corre-
lated session. The NGS database is used by other analysis software, such
as VieVS, but the development is ongoing to make the analysis software
compatible with raw correlator output.
3.1 VieVS
The development of VieVS started in 2008 at the Institute of Geodesy and
Geophysics (IGG), Vienna University of Technology (TUWien). Prior to
VieVS the research team at IGG had used an alternative VLBI analy-
sis software OCCAM. As with many old VLBI analysis software, OCCAM
had gathered a signiﬁcant amount of obsolete code due to the long history
of development with FORTRAN. This poses a difﬁculties with maintain-
ing the source code up to date and the interpretation of functionality of
the code can require a high level of expertise. Because of this difﬁculty,
when a major update for OCCAM was required, it was decided that a
new VLBI software would be the optimal approach. The new approach
offered the possibility to modernize the existing and proven source code
in a language, that would make maintenance of the program more ﬂexi-
ble. Although in general open source approach is valued in the scientiﬁc
community, VieVS was written in Matlab. The decision to use Matlab was
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motivated by the fact, that the students at TUWien were familiar with the
software, which would make the development and later source code mod-
iﬁcation for e.g. testing new algorithms signiﬁcantly easier, when most of
the time would not be spent on deciphering FORTRAN source code. How-
ever, due to the long history with OCCAM at IGG, VieVS was built based
on existing OCCAM modules, which were ported to Matlab and obsolete
modules removed [8]. Furthermore, VieVS was designed to be compati-
ble with latest IERS conventions (2003 at the time) from the start and
subsequent updates would be more efﬁcient to introduce with the more
streamlined source code.
VieVS is composed of separate modules, which have their own purpose
and can be run individually if required, although for e.g. geodetic param-
eter estimation and simulated observations multiple modules are needed.
The components of VieVS are vie_setup, vie_init, vie_mod, vie_lsm, vie_sim,
vie_glob and vie_sched, which perform GUI initialization and auxiliary
functions, data initialization, computations of theoretical delays, least
squares adjustment (LSQ), data simulation, global solution and schedul-
ing, respectively. The data initialization, theoretical delay and LSQ ad-
justment modules are the three main components of VieVS, which per-
form the estimation of geodetic parameters. The simulation module is
used for simulating observations with desired criteria and it can be used
for example to test alternative modeling algorithms. The global solution
module creates combined solutions to determine TRF and CRF. The latest
addition to module selection is the scheduling module, which is used to
create observing schedules for VLBI stations. In addition to the modules,
VieVS has a selection auxiliary scripts for e.g. process list generation.
VieVS can be operated both in batch and Graphical User Interface (GUI)
modes. The batch mode is suitable for automatization of data processing,
since it can be with little effort scripted to run as a background process
using predeﬁned modelling parameters. The GUI mode offers an efﬁcient
and practical interface for more thorough data analysis and interpretation
of results. For this paper, the GUI mode was used, and all the following
references to VieVS modules refer to the GUI-modules.
Setup and main modules
Prior to actual analysis options, vie_setup is executed. The sessions to
be processed are selected either from VieVS session database or by using
predeﬁned session list. The session ﬁles are stored locally on the hard
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drive and must be kept up to date to obtain results consistent with the
latest a priori data. The ﬁles are maintained and updated on TUWien
server.
The initialization module is used to read observation data from NGS
ﬁles, station coordinates and velocities for the stations participating in
the session from TRF catalogue, source coordinates from CRF catalogue,
a modelling parameter ﬁle, outliers, station info, and an option ﬁle for
the session. VieVS uses NGS ﬁles to read observed delays, meteorologi-
cal data, cable calibration, and other data for each session. If the station
is not included in the catalogue or the coordinates are not deﬁned for the
analysis period, the a priori station coordinates are read from the NGS ﬁle
header. The delays in the NGS ﬁle have been corrected for ambiguity res-
olution and ionospheric correction using the Calc/Solve analysis software.
For this reason, VieVS is dependent on external preprocessed observa-
tion ﬁles. That is why there is an ongoing effort to make VieVS able to
solve ambiguity resolution and execute ionospheric corrections generated
in order to span the scope of VieVS further into the VLBI data production
ﬂow. The option ﬁle (OPT-ﬁle) is created by the analyst during the ini-
tial processing of the sessions. While it is not mandatory to create OPT-
ﬁles for sessions in practice, particularly if analyzing multiple sessions, it
is highly probable that the sessions contain problems, which have to be
taken into account in the option ﬁle. OPT-ﬁle input includes info about
reference clock, clock breaks as well as excluded stations, sources, cable
calibration, and baselines.
With vie_mod the theoretical delays for each session are computed. The
computed delays are calculated using modelling parameters, which in-
clude EOPs and EOP interpolation, nutation model, solid Earth tides,
ocean loading, ephemerides for celestial bodies, troposphere delay, ther-
mal deformation and axis offset of the antenna, and atmosphere loading.
The purpose of the computation is to generate theoretical delay values and
their partial derivatives for the corresponding observation epochs, which
are compared to the delay values read from NGS ﬁles. The difference of
observed and computed delays is later included in the LSQ adjustment.
After the theoretical delays are computed, a LSQ adjustment is calcu-
lated with vie_lsm. The parameters selected by the user for estimation are
modelled either as one offset per session or as continuous piecewise liner
offsets (CPWLO). Estimation options include CPWLOs for clock parame-
ters and quadratic polynomial coefﬁcients (offset, rate, quadratic term),
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ZWD, North and East troposphere gradients (NGR and EGR), EOPs and
source coordinates. The station coordinates can be estimated either as
CPWLOs or one offset per session. The LSQ adjustment module has the
option for executing only the ﬁrst solution without the main adjustment.
This solution is used for initial processing of the data to detect problems
within the session, e.g. clock breaks and bad stations. In addition to CP-
WLO estimates, the LSQ adjustment can set restrictions on the estimated
parameters. These parameters are used to restrict the variations in the
estimates according to desired analysis conditions and to tie together ses-
sions with large gaps between scans. In general the constraint options can
be separated in to three classes: tight, quasi-tight and loose. For different
parameters a selection of absolute or relative constraints can be applied.
While relative constraints limit the offset difference of adjacent scans to a
certain standard deviation, absolute constraints limit offset values for all
epochs to the selected standard deviance.
The offsets of estimated parameters are written into a results ﬁle. The
ﬁle contains offsets, formal errors, and estimation epochs for all the sta-
tions included in the analysis. A priori values for appropriate parameters
can be read from session parameter ﬁles. Because VieVS does not cur-
rently include any built-in visualization or evaluation utilities for the re-
sults, further examination of the results require some additional Matlab
scripting.
Additional modules
In addition to the main modules, additional modules for data simulation
and global solutions are included in VieVS. The latest module in devel-
opment is the scheduling model, but it is yet to be implemented in the
latest version of VieVS. The purpose of the model is to add the possibility
to schedule observation sessions in VieVS. In this section a more detailed
description is discussed for the simulation and global solution module,
since both have already been implemented in the latest VieVS version.
The objective of the simulation module is to generate artiﬁcial zero in-
put NGS ﬁles, which can be used for various testing purposes. With arti-
ﬁcial NGS ﬁles, it is possible to control the input in order to study the ef-
fect of different modelling options and algorithms. Furthermore, because
the contents of the simulated NGS ﬁles can be controlled, it is possible
to test alternative scheduling options and observation network conﬁgu-
rations. To generate artiﬁcial NGS ﬁles the simulated sessions are se-
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lected in the initialization and theoretical time delays are computed with
vie_mod. The computed delays are processed with vie_sim to simulate
the observed-computed difference by simulating each station pair. The
simulation includes ZWD, simulated using turbulence simulator, mapping
function, clock parameter, simulated as random walk process and white
noise per baseline. When the difference vector is computed, the artiﬁcial
NGS ﬁles are created by summing the estimated observed-computed and
computed vectors and writing the result into the generated NGS ﬁle. As
opposed to the actual NGS ﬁles the artiﬁcial ﬁles are not corrected for
ionosphere and cable calibration. These corrections have to be taken into
account when analyzing the results. After the simulated NGS ﬁles are
generated, they can be analyzed with the LSQ adjustment module simi-
lar to ordinary sessions.
The global solution module is used to combine results from the LSQ
module to estimate source CRF coordinates, station TRF coordinates and
velocities. Clock parameters, ZWD, troposphere gradients are estimated
as reduced values. Global solution takes the datum free normal matrices
(N) and right-hand side vectors (b) generated by vie_lsm as input and
derives the reduced normal equations systems, which are then stacked
to create a combined global solution. The module creates automatically
TRF and CRF catalogues as results, which can be used as a priori input
catalogues in VieVS.
4 VLBI analysis example with VieVS
In this section, a demonstration of VLBI analysis using VieVS is pre-
sented. The example describes the analysis process from session selection
to ﬁnal results and covers the issues arising with initial processing, which
is the most labour-intensive segment of the analysis from the standpoint
of the user.
For the analysis all the IVS-R1 and IVS-R4 24-hour sessions from 2008
were selected. The choice to use 24-hour sessions instead of for example
intensive sessions was motivated by the fact that 24-hour sessions are ad-
equate for both station coordinates and EOP estimation, whereas inten-
sive sessions are designed for rapid estimation of UT1 and usually have
an observation network of 2-3 stations, insufﬁcient for estimating station
coordinates. Both 24-hour sessions are scheduled to have an observation
network of 8 station. Furthermore, the IVS-R1/R4 sessions are scheduled
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to be carried out weekly, generating two observation sessions per week.
This guarantees that the amount of available data for the analyzed time
period is adequate and more comprehensive time series can be generated.
At ﬁrst, a process list for the setup is created using an auxiliary script,
mk_list, in VieVS. To select all the 24-hour sessions from 2008, mk_list is
executed as follows
[process_list,sessions] = mk_list(’R1’,R4’,’YEARS’,’2008’)
This process list containing all IVS-R1/R4 sessions from 2008 can be
loaded in vie_setup. The selected sessions are analyzed individually as
a single session analysis. Before the main analysis, each session must
be processed individually to remove problems, discussed in section 3.1,
in the sessions. To remove sources of error in the observations, the LSQ
adjustment is run in ﬁrst solution mode without a main solution. In this
mode VieVS computes residual graphs for every station in the session.
Prior to executing the ﬁrst solution, modelling options for the analysis
are selected. For consistency, the modelling options used in this example
were chosen to be identical for each session in ﬁrst and main solution. The
modelling options are presented in Table 1
Table 1. Modelling options for 24-hour sessions
Modelling options for 24-hour sessions
Ephemerides JPL 421
A priori EOP IERS C04 08
Precession/Nutation IAU2006/2000
TRF VTRF2008
CRF ICRF2
Tidal ocean loading FES2004
Pole tide Cubic (IERS2010)
Mapping function VM1
By visually inspecting the station-wise residuals, it is possible to detect
problems with individual sessions. To detect problems with the session,
it is sometimes necessary to also execute the main solution in order to
inspect the a posteriori standard deviation of the main solution. This exe-
cution is also useful in assessing whether the corrections made resulted in
any improvement in the solution. For clock breaks, the ﬁrst solution mode
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is usually very effective. Clock breaks can detected as large residuals as-
sociated with certain station in the residual plots and as an abrupt change
in the sign of the offsets at some point during the observation period. The
residual plot of the station with the clock break displays a sudden and
disproportionately large change in the residual values. Figures 2 and 3
show the residual plots for two stations, in which the station in 2 has the
clock break and the station in 3 shows the residuals to the station from a
station with no problems. Figure 4 shows the residual for the station with
the clock break after correction.
Figure 2. Clock break at ZELENCHK before correction.
Sometimes the data recorded at the station is noisy and causes large
residuals with all of the stations reducing the accuracy of the main so-
lution. A noisy station can usually be detected as a station having large
residual throughout the observation period for no obvious reason, such
as clock break. By examining the correlation reports associated with the
observations session from the IVS observation schedule, it is possible to
detect the cause, such as technical problems in the station, but usually
the best approach is to remove the station from the analysis and check
if the exclusion improved the a posterior standard deviation of the main
solution. Figure 5 shows an example of a residual plot of a station, subse-
quently excluded from the analysis, with noisy data.
If all the stations in the network are otherwise performing without prob-
lems, but a single baseline between two stations has bad data, it is pos-
sible to exclude the baselines from the observations in order to keep the
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Figure 3. BADARY residuals with clock break at ZELENCHK.
Figure 4. ZELENCHK residuals after clock break correction
stations in the analysis without discarding usable observations. Bad base-
lines are detected as large residuals between two particular stations in
the residual plots. An example of a bad baseline is depicted in Figure ??
All the options are written in individual OPT-ﬁles for each session re-
quiring adjustment. In addition to clock breaks, excluded stations, and
baselines the reference clock for the session can be speciﬁed in the OPT-
ﬁle. The reference clock should be chosen from a station, which is known
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Figure 5. Noisy data at YEBES40M.
to have a stable clock. In this analysis Wettzell was chosen as the refer-
ence clock for the majority of the sessions.
In addition to the error sources discussed, the solution quality can be
affected due to bad sources, too few observations at a station, cable cali-
bration, bad individual observations, singularity problems in the normal
equations arising from the number of estimated parameters, and large
variability of clock parameter. Compared to clock breaks, bad stations
and baselines, these error sources can be more difﬁcult to detect and re-
quire closer inspection of the affected session. In this analysis no such
errors were clearly evident. However, the amount of bad stations in ses-
sions 08JAN10XE_N004 and 08MAY19XA_N004 was so large that after
excluding the noisy stations only three were left in the analysis. Thus, the
sessions were removed from the analysis.
After the initial processing is completed and all the problems with the
sessions have been corrected with OPT-ﬁles, the LSQ adjustment is ex-
ecuted. For this analysis, all the geodetic parameters were estimated,
using generally loose constraints. Station coordinates were estimated
as one offset per session with No Net Translation and No Net Rotation
(NNT/NNR) conditions applied to every station found in the TRF cata-
logue. When examining the main solution in the initial processing, iden-
tical parameter selection was used. To obtain the ﬁnal results, the main
solution have to be executed twice. During the ﬁrst iteration, the LSQ
module detects outliers according to preselected criteria and writes an
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outlier ﬁle for every session. After outlier detection, the main solution is
run again, with the option to exclude the detected outliers. The outlier
criteria used in the analysis excluded all the observations which exceeded
the a posteriori standard deviation of unit weight by a factor of 5. The
estimated parameters are listed in Table 2.
Table 2. Estimated parameters, estimation intervals and constraints with 24-hour ses-
sions
Parameters Interval Constraint
Clock parameter 60 min Relative 0.5 ps
2
s
ZWD 20 min Relative 0.7 ps
2
s
NGR/EGR 360 min Relative 2 mmday
Station coordinates (X,Y,Z) One offset per session NNT/NNR
EOP
Polar motion (x,y) 24 hours Relative 10−4 masday
Nutation offset (dX,dY) 24 hours Relative 10−4 masday
dUT1 24 hours Relative 10−4 msday
To inspect the results of the LSQ adjustment, a Matlab script was written
to read in the estimates from the VieVS results ﬁles. A more comprehen-
sive program could be written, but for this example it was adequate to
read the solution vectors to the Matlab workspace and perform the sub-
sequent plotting and analysis manually. For each session one dUT1 was
read and aligned with the mean estimation epoch. Each results ﬁle con-
tains the adjustment for all stations. For this demonstration, the Wettzell
was chosen for closer investigation. The code for the script is included
appendix 5.
Figures 6, 7 and 8 display the adjustment to (X,Y,Z) a priori station
coordinates for Wettzell VLBI station in 2008.
The root mean square (RMS) values and mean formal errors for the
estimates are listed in Table 3.
Table 3. Station position RMS values and mean formal errors for WETTZELL in 2008
RMSX (cm) RMSY (cm) RMSZ cm σX cm σY cm σZ cm
0.59 0.52 0.79 0.29 0.24 0.41
The adjustment to a priori UT1 in relation to a priori values derived
Niko Kareinen: Matlab Application in VLBI Data Analysis
58
Figure 6. Adjustment in WETTZELL X coordinate w.r.t. a priori values in 2008
Figure 7. Adjustment in WETTZELL Y coordinate w.r.t. a priori values in 2008
from IVS-R1/R4 24-hour sessions in 2008 is displayed Figure 9.
The RMS values and mean formal errors for dUT1 estimates are listed
in Table 4.
The estimated offsets to a priori values for Wettzell station coordinates
and dUT1 are within reasonable range. After initial processing, no signiﬁ-
cant outlier values were detected. However, two observation sessions had
to be excluded from the analysis altogether. The offset values for these
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Figure 8. Adjustment in WETTZELL Z coordinate w.r.t. a priori values in 2008
Figure 9. Adjustment to UT1 w.r.t. a priori values derived from IVS-R1/R4 sessions in
2008
Table 4. Adjustment to UT1 w.r.t. to a priori values derived from IVS-R1/R4 sessions in
2008
RMSdUT1(μs) σdUT1(μs)
11.07 5.31
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sessions deviated from the RMS values for both station position and dUT1
by an order of magnitude. Further analysis is required if these sessions
are to be included in the analysis. If the reason for large station-wise
residuals could be pinpointed to an appropriate source, it would be possi-
ble to correct for the error. Thus it would not be necessary to exclude the
station from the observation session, increasing the number of stations in
the network to approvable level and the session could be included in the
analysis.
5 Conclusions
The VLBI observation process has several steps from observations to geode-
tic parameters. Challenges arise in observation and data acquisition as
well as in data analysis. Due to the sensitive nature of the technique,
some technological barriers, such as receiver quietness, are approaching
levels in which it is extremely difﬁcult to develop any improvement to
the existing observation infrastructure. It is necessary to realize these
limitations in order to lead the development in the most efﬁcient direc-
tion. Modern precision and data turnaround requirements pose a chal-
lenge both technologically and economically. At the VLBI stations, ever
increasing data recording rates are required in order to increase the effec-
tive observation bandwidth. VLBI2010 is the current criteria benchmark
to which the VLBI observation network aims to accomplish. The main
requirements postulated in VLBI2010 are 1 mm measurements accuracy
on global baselines, continuous measurements for EOPs and station coor-
dinates, and a turnaround time of less than 24h for initial geodetic results
[2]. To reach these requirements, an updated VLBI observation network
is being built. The approach is to increase the number of observing anten-
nas by building fast moving unattended smaller antennas with contin-
uous frequency broadband receivers. In addition to updates in observa-
tion equipment, the data handling is developed by creating more efﬁcient
and modern programs for correlation and VLBI data analysis. The VLBI
analysis software VieVS used in this paper is an example of this mod-
ernization process. The development of the software becomes much more
efﬁcient, when it is decipherable without years of research in the ﬁeld.
It was demonstrated that using VieVS with a relatively straightforward
analysis process geodetic parameters could be estimated to a reasonable
degree of precision.
Niko Kareinen: Matlab Application in VLBI Data Analysis
61
Bibliography
[1] Alan R. Whitney (2012). VLBI Data System & e-VLBI. URL:
http://www.fs.wettzell.de/veranstaltungen/vlbi/
tecspec2012/Session3/03-04_Whitney-VLBI data systems.pdf.
[2] Anon. (2012a). MIT Haystack Observatory geodesy information site. URL:
http://www.haystack.mit.edu/geo/index.html.
[3] Anon. (2012b). MIT Haystack Observatory VLBI information site. URL:
http://www.haystack.mit.edu/tech/vlbi/index.html.
[4] Anon. (2012c). NRAO information site for Green Bank Telescope. URL:
https://science.nrao.edu/facilities/gbt/.
[5] Kamil Teke (2011). Sub-daily parameter estimation in VLBI data analysis.
PhD thesis, Vienna University of Technology, TUWien.
[6] Karttunen, H. (2003). Fundamental Astronomy. Physics and Astronomy
Online Library. Springer.
[7] Ryan, J. W. and Ma, C. (1998). Nasa-gsfc’s geodetic vlbi program: a twenty-
year retrospective. Physics and Chemistry of the Earth, 23(9-10):1041–1052.
[8] T. Nilsson, J. Böhm et al (2011). Status and future plans for the Vienna VLBI
Software VieVS. In W. Alef, S. Bernhart and A. Nothnage, editor, Proceedings
of the 20th European VLBI for Geodesy and Astrometry Working Meeting.
[9] Wayne Cannon (1999). Overview of VLBI. In International VLBI Service for
Geodesy and Astrometry 1999 Annual Report, edited by N. R. Vandenberg.
Matlab code for reading VieVS result ﬁles
format long g
home = getenv(’HOME’);
vievsdir = ’/vlbi/VieVS/VieVS_1d/VieVS’;
subdir = ’data_final_out’;
antenna = ’WETTZELL’;
list = load([home vievsdir ’/WORK/list_R1R4.mat’]);
iter = length(list.process_list);
ind = 0;
for i=1:iter
session = list.process_list(i,6:end);
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remove = {’08JAN10XE_N004’,’08MAY19XA_N004’};
if(~max(strcmp(remove,session)))
val = load([home vievsdir ’/DATA/LEVEL3/’ subdir, ...
’/x_’ num2str(session)]);
else
ind = ind + 1;
del(ind) = i;
end
max_ind = length(val.x_.antenna);
for k=1:max_ind
ant = val.x_.antenna(k);
if(strcmp(antenna,ant.name))
dut1_mjd = val.x_.dut1.mjd;
dut1_val = val.x_.dut1.val;
dut1_e = val.x_.dut1.mx;
pos_mjd = val.x_.coorx(k).mjd;
pos_x = val.x_.coorx(k).val;
pos_xe = val.x_.coorx(k).mx;
pos_y = val.x_.coory(k).val;
pos_ye = val.x_.coory(k).mx;
pos_z = val.x_.coorz(k).val;
pos_ze = val.x_.coorz(k).mx;
pos(i,1) = pos_mjd(1);
pos(i,2) = pos_x(1);
pos(i,3) = pos_xe(1);
pos(i,4) = pos_y(1);
pos(i,5) = pos_ye(1);
pos(i,6) = pos_z(1);
pos(i,7) = pos_ze(1);
end
end
dut1(i,1) = mean(dut1_mjd);
dut1(i,2) = dut1_val(1);
dut1(i,3) = dut1_e(1);
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end
pos(pos(:,1) == 0,:) = [];
pos(del,:) = [];
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Abstract
Relative Positioning is the most accurate way to determine the coordinates
with Global Navigation Satellite System. The methods and equipments
varies a lot from basic GNSS positioning where distance between user and
satellite is determined by code sent from satellites. Using more than one
receiver which tracks GNSS signals carrier phase makes Relative Position-
ing possible. This seminar paper gives a short introduction to GNSS and
explains the idea behind the Relative Positioning. Also theories of Adjust-
ment Calculation and networks accuracy elements are explained in this
paper. At spring 2011 Science Network GNSS campaign was carried out
at Southern Finland. GNSS observations were done on eight scientiﬁcally
interested places, including two Baltic Sea Mareographs. The goal of this
paper is to determine the coordinates for those eight locations using Post
Processing software and introduced Adjustment Theories. The accuracy of
those eight points was in few millimetres in horizontal and vertical planes
and network accuracy numbers gave an idea of reliable observations and
well adjusted network. Also the importance of entering the correct antenna
type and height to Post Processing software is introduced in this paper.
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Koordinaattien laskenta Precise Point
Positioning -menetelmällä
Ville Vuokko
Aalto University School of Engineering
Department of Surveying and Planning
ville.vuokko@aalto.fi
Abstract
Precise Point Positioning (PPP) is a relatively new method for determi-
nation of coordinates. It’s a potential alternative to differential methods
for precise positioning using Global Navigation Satellite Systems (GNSS).
This seminar paper discusses the PPP method, its advantages and chal-
lenges and its usage in the post-process of GNSS data. In this paper the
basic principles of PPP will be introduced and the coordinates of seven Sci-
ence Network points will be determined by using two PPP online services.
The goal of this paper is to give a good overview of PPP, PPP online services
and to evaluate the accuracy of the determined coordinates. This seminar
paper is based on various scientiﬁc articles and information about CSRS-
PPP and MagicPPP the online services. Both online services were able to
determine all the coordinates of the seven Science Network points. The ac-
curacy of the coordinates were a few centimetres and there were no major
differences between the services. After all PPP is a suitable alternative to
the post-process of GNSS data and in the future it might also be a suitable
method for real-time measurements.
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GNSS – Risks and threats
Iiro Kuusisto
Aalto University School of Engineering
Department of Real Estate, Planning and Geoinformatics
iiro.kuusisto@aalto.fi
Abstract
Global Navigation Satellite System has become very popular and easy to
use. Unfortunately, people are not aware that it is not always reliable.
There are several vulnerabilities that can cause errors and disruptions.
Vulnerabilities can be divided in three sections: intentional, unintentional
and system related. Intentional means that someone is trying to affect
the solution with jamming, spooﬁng or meaconing. Jamming is the most
common of these and it is usually done by sending noise like signals that
disrupt receivers. Unintentional disruptions consist of natural and man-
made phenomena. Good example of natural disruptions are solar ﬂares
and of man-made phenomena radio signal transmissions. There is a huge
demand for radio frequency bandwidth and many signals easily interfere
with weak GPS signals, which might cause errors. All three segments of
GNSS have their own weaknesses and they are called system related vul-
nerabilities. This report gives a description of all these types of vulnera-
bilities, looks at various methods to mitigate their effects, and presents few
examples from the real-world reported in the media.
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 1. GNSS overview
1.1 What is it? 
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1.2. How does it work? 
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1.3. What is it used for? 
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2. Vulnerabilities of GNSS 
2.1. Intentional 
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disastrously. */0, 
GNSS jamming can be split into four areas: accidental, criminal, Blue 
Team deliberate, and Red Team deliberate, where Red Team means 
“terrorists” and Blue Team “friendly forces”. Accidental jamming is mainly 
caused by other RF signals that interfere with the weak GNSS signals. 
Criminal jamming is mostly caused by people who don`t want to be tracked 
by GPS. This means for example car thieves. This form of jamming can be 
dynamic or static. These jammers are mainly low power just to defeat, for 
example a car from tracking but exceptions do occur when people are not 
concerned about the impact to the surrounding areas. Red Team jamming is 
indiscriminate but may be targeted at some specific areas. It will most 
probably be high power and have an effect on different locations 
simultaneously. The mission of Blue Team jamming is commonly to defeat 
tracking. Its impact might be similar to criminal jamming. */0,  
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2.3. System related 
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The GPS user segment is wide and the receivers vary from decryption-
capable military receivers to mass-product mobile phone receivers. User 
segment is not coordinated and even though every manufacturer has their 
own quality control and testing systems, some software bugs may still 
occur. [14] 
UTC and GPS time has a relation that needs leap seconds every now and 
then. Even though it is described precisely how receivers should handle leap 
seconds correctly, some receivers still handle them wrong causing timing 
error. Another problem with the receivers can come up when there is a 
system upgrade in the GPS. Upgrades might cause unexpected behavior. For 
example, in 2007, a 32nd GPS satellite was launched and some receivers 
started to have problems because they were only designed for maximum of 
31 satellites. As mentioned before, manufacturers have their own testing 
regimes but it is unlikely that a receiver would be totally free of software 
bugs. Such bugs can concern, for example, handling satellites that are 
marked unhealthy or behavior when signals are weaker or stronger than 
usually. All these may cause errors or affect the performance of the receiver. 
[14] 
3. What can be done to prevent these? 
3.1. System related and unintentional 
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3.2 Intentional 
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4. Real-world threats 
4.1 Intentional 
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4.2 System-related 
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4.3 Unintentional 
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Global Navigation: Introduction to
Satellite Based Augmentation System
over Indian Region
Aditya Raju
Department of Radio Science and Engineering
Aalto University
Otakaari 5, 02150 Espoo, Finland
aditya.raju@aalto.fi
Abstract
Nowadays, the Global Navigation Satellite System (GNSS), a breakthrough
in navigation system, caters to a large portion of civilian and military
users to determine accurately their position, navigation and time (PNT)
parameters. For more demanding applications like aviation sector, more
reliable and highly accurate services are essential. Such services are im-
plemented with additional system known as Satellite Based Augmentation
System (SBAS), which improves the quality of service. This paper illus-
trates various issues responsible for inaccuracies in SBAS and methods to
mitigate them. A detailed presentation of one such regional SBAS system
developed for Indian subcontinent, also known as GPS Aided Geo Aug-
mented Navigation (GAGAN) is presented.
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1. Introduction to navigation and 
augmentation 
In 1957, the launch of the first artificial satellite Sputnik, by the Soviet 
Union triggered great advances in space technology. Subsequently, came 
more challenges in satellite navigation like the determination of orbit of a 
satellite from the variations of the signal radiated by the orbiting satellite, 
received at a known position on earth. Within a short period, solutions to 
such challenges led to the development of inverse process where the 
position of the target receiver on earth could be located based on the signal 
received from an orbiting satellite, at a known orbit. This thought formed 
the basis for present day satellite navigation, where a system of satellites, 
referred as a constellation, provides autonomous geo-spatial positioning 
with a global coverage. It enables small electronic receivers to accurately 
determine their latitude, longitude and altitude based on the time signal 
sent from the radio of the visible satellite. This concept was validated with 
the launch of series of satellites such as Transit satellites and Timation 
satellites which provide accurate clock data, operated by the United States 
(US) armed forces. The main focus of these satellites was to provide the US 
forces with precise positioning capability. The newly experimented 
navigation system performed extremely well to sub-meter accuracy though 
they had some limitations in coverage, fast real-time position 
determination as the total orbiting satellites were limited. Eventually, the 
limitations were resolved and gave way to improved global system called 
the Global Navigation Satellite System (GNSS) with the introduction of US 
NAVigation System, Timing And Ranging Global Positioning System 
(NAVSTAR GPS) having more than 24 satellites in its constellation as on 
March 2013.[4] 
 Though the main objective of developing a global navigation was 
assumed to be for military applications, it was also realized that these 
systems were also capable of a lot of scientific and civil applications, like 
geodesic measurement, transport and disaster management among others. 
An important application that was soon envisioned was the use of GPS in 
spacecraft navigation. Soon, onboard receivers were flown first with 
Landsat satellite to demonstrate the precise positioning ability of the 
technology. Since then, many receivers were flown with subsequent 
launches and nowadays, they are used as a main operation means of 
navigation. 
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 Figure 1. Spectral bands used by various Radio Navigation Satellite Systems. (Source: 
European Space Agency) 
The GNSS employs three basic segments - space segment, control 
segment and user segment, to facilitate the navigation process. The space 
segment consists of a constellation of satellites in Medium Earth Orbit 
(MEO) that transmits signals, which can be received on the electronic 
receiver. Number of visible satellites at any point of time is very crucial 
parameter, as it enhances the accuracy of the estimated value. Signals that 
are sent by the satellite include ranging code, which consists of 
Coarse/Acquisition (C/A) code or the Precision (P) code that enables the 
receiver to compute the distance between the satellite and the receiver. 
They are also called as pseudo-random noise code (PRN). Additionally, they 
transmit navigation data, which is binary-coded message that provides 
information on the satellite ephemeris (Keplerian elements or satellite 
position and velocity), clock bias parameters, almanac, satellite health 
status, and other complementary information. They operate mostly on the 
L-band (1164 MHz to 1610 MHz) and Fig. 1 illustrates the spectrum used by 
various radio navigation systems operated by various countries. The second 
segment - control segment, tracks and monitors the signal from the space 
segment and estimates the orbits and clock behaviour of the satellites. This 
information is uploaded to the satellites so it can be transmitted to users. In 
the user segment, the main function is to extract the navigation information 
and to compute the position, using the incoming carrier wave. There are 
two measurement methods that are incorporated in the user segment - the 
first method is called Pseudo-ranging, where the incoming PRN code and 
locally generated copy are compared and the transmission delay between   
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 Figure 2. Career phase measurement. (Source: GPS tutorial, University of New South 
Wales) 
the satellite and the receiver is computed. This method can efficiently 
calculate the user’s position, when the signal is available from four or more 
satellites along with satellite position available in the ephemerides of the 
navigation message. Three satellites provide the position information in X, 
Y and Z coordinate while the fourth satellite is used for time error 
estimation, usually caused by errors in quarts oscillator in the receiver 
device. The second method is career phase observable. In this method the 
received carrier signal’s phase is compared with a receiver generated signal 
at the same frequency.  Fig. 2 explains the carrier phase measuring 
technique. 
With the rising importance and utility of the GNSS, various countries have 
implemented their own navigation system. United State’s Global 
Positioning System (GPS) and Russian GLobal Orbiting NAvigation 
Satellite System (GLONASS) are the only global systems that are fully 
operational at the moment. Other GNSS systems being developed are the 
Beidou and Galileo system of China and Europe, respectively. 
Although, GNSS capability to provide navigation assistance is 
tremendous, still, it cannot meet the performance requirements for some 
applications like aircraft landing that requires extremely high accuracy and 
reliability.  Such challenges led to the design of an overlay system, called as 
augmentation system, which complements the GNSS to improve 
performance. The augmentation system incorporates external information, 
captured from various external sources, in the calculation process to 
improve the accuracy, availability, continuity and integrity of the system. 
Thus, it assures the overall reliability of the navigation system in all weather 
conditions. Augmentation systems are classified based on how they capture 
external information transmitted to the receiver. With the growing 
potential of satellites, Satellite Based Augmentation System (SBAS) is 
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getting more common and many countries have already started operating 
them. Existing systems includes the Wide Area Augmentation System 
(WAAS), operated by the United States, the European Geostationary 
Navigation Overlay Service (EGNOS), operated by the European Space 
Agency, Multi-functional Satellite Augmentation System (MSAS), proposed 
by Japan and GPS Aided Geo Augmented Navigation (GAGAN) system, 
proposed and operated by India. The following sections will explain about 
various augmentation methods and more elaborately the GAGAN system 
developed by India. 
2. Augmentation methods and 
operation 
Augmentation system improves the accuracy of the GNSS, by providing 
corrections to mitigate the errors arising out of various sources. In order to 
provide such corrections, the system involves earth stations that were very 
carefully surveyed and whose exact locations are precisely known. These 
stations receive the GPS signals and compare them with the value they 
should actually receive, and their difference can be used to compute the 
correction value. These corrections are sent to the receiver either through 
space based system or a ground based system. Various augmentation 
methods and its operation are explained below. 
2.1 Satellite based Augmentation System (SBAS) 
The SBAS consists of carefully established ground segments that receive the 
GPS data. The ground segments have the capability to track dual frequency 
L1/L2 Coarse/Acquisition (C/A) code for civilian use and L2 Precision (P) 
code signals (military use) to determine the pseudo-range and career phase 
of the visible satellites [1]. The ground station send the measurement to a 
SBAS master facility, which calculates clock and ephemeris correction of 
each GPS satellite, ephemeris information for geo-stationary satellite and 
Ionosphere Grid Points (IGP). IGP are imaginary grids points which are 
considered to have constant value over each grid area. These grids are used 
to calculate error bounds due to ionospheric effects. This correction 
information is then sent to the Geo-stationary communication satellites 
that are visible to the master station, and from there, correction 
information are retransmitted to the user segment and necessary 
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corrections are made. Fig. 3 illustrates the method of space based and 
ground based augmentation systems. 
 
Figure 3. Space based and ground based augmentation. (Source: http://www.pcmag.com/ 
encyclopedia/term/58917/gps-augmentation-system) 
 
2.2 Ground-Based Augmentation System (GBAS) 
In a ground based augmentation system, the pseudo-range measurement 
made by the ground based receiver system is essentially used to calculate 
the differential correction for each satellite. These corrections are sent to 
the airborne user via a data link and the airborne user applies the 
correction values to the pseudo-range, to calculate the position solution. 
This system is based on the assumption that the two receivers, ground-
based receiver and airborne receiver that are within a short baseline 
separation, will have error sources common to both. GBAS mainly aims at 
providing navigation assistance at a terminal area like airport. Fig. 4 
explains the GBAS system used in airport area. A typical GRAS consists of a 
space segment, ground segment and user segment. Space segment consists 
of GNSS satellites as well as ranging source that may provide optionally by 
a SBAS. The GBAS ground segment consists of a number of reference  
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 Figure 4. Architecture of ground based augmentation system [2] 
receivers that are sited near the airstrip property. These reference receivers 
will tract the GNSS satellite and fetch the necessary pseudo-range values 
and other signal health and system parameters and send them to the 
centralized facility. The centralized facility will calculate the corrections 
from multiple, redundant observation of pseudo-range values and are 
broadcast to the user over a Very High Frequency (VHF) Data Broadcast 
(VDB) in the 108.0-117.975 MHz band. [2] 
The 108–117.975 MHz band is currently also used by conventional landing 
systems such as VHF Omni-directional Ranging (VOR) systems and 
Instrument Landing Systems (ILSs). Consequently, the band is getting 
congested in some parts of the world. Since the VDB signal structure was 
designed to provide very high spectral efficiency, it offers significant 
flexibility over the conventional systems. For example, a single ILS 
frequency assignment provides only a single approach to a single runway 
end but with GBAS, the same 100 KHz band used by conventional system, 
can theoretically support up to 192 approaches with the capability for 
multiple approaches to the same runway end if desired. [2] Thus GBAS has 
enormous potential to replace conventional systems. 
2.3 Ground-based Regional Augmentation System (GRAS) 
GRAS blends the GBAS and SBAS concepts. GRAS architecture, shown in 
Fig. 5, consists of a GRAS Reference Station (GRS) that collects the GPS  
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 Figure 5. GRAS concept [3] 
data and transmits them to centralized units to compute the correction 
information just like the SBAS. Information from the centralized facility is 
then sent to a ground based terrestrial stations that can transmit the 
correction information over a VHF data broadcasts (VDB) and a compatible 
receiver can receiver them. They are mostly used in regions such as 
Australia where a dedicated geo-stationary satellite is unavailable. [3] 
2.4 Aircraft-Based Augmentation System (ABAS) 
International Civil Aviation Organization (ICAO) defines a ABAS as “an 
augmentation system that augments and/or integrates the information 
obtained from the other GNSS elements with information available on 
board the aircraft”. ABAS includes methods to provide integrity monitoring 
through either the exploitation of redundant GNSS measurements referred 
to as Receiver Autonomous Integrity Monitoring (RAIM) (see Fig. 6a. and 
6b and [4]) or through the use of onboard sensors (e.g., barometric 
altimeters, inertial navigation systems, other navigation systems to enhance 
continuity, availability, or accuracy over that provided by the other 
elements of GNSS [5]. 
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Figure 6a. Illustration of RAIM concept 
through an analogy of a two-
dimensional problem involving noisy 
measure-ments of a linear 
relationship [4] 
Figure 6b. Illustration of RAIM concept 
through an analogy the four-
dimensional problem of solving 
user position and clock error in 
GNSS [4] 
3. SBAS performance parameters 
Numerous errors sources can degrade the quality of the augmentation 
process. To ensure the quality of the augmentation system is within 
acceptable limits, performance parameters are specified. The performance 
parameters of the SBAS system are listed below. 
3.1 Accuracy 
Accuracy is usually measured by a term called as Navigation System Error 
(NSE), which give the difference between the real position value and the 
position provided by the user’s onboard equipment. Thus, SBAS provides 
compliance with respect to the accuracy requirements by providing the 
correction information for clock errors, satellite orbit errors and 
ionospheric propagation errors. 
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3.2 Integrity 
International Civil Aviation Organization (ICAO) defines integrity as 
amount of trust that can be placed on the correctness of the information 
provided by the SBAS system. The SBAS assures integrity requirements by 
 Providing the user with necessary alarms so that the user can 
reject the faulty correction information from a flawed satellite 
source in its calculation. 
 Providing the user with Horizontal Protection Level and Vertical 
Protection Level (HPL/VPL) along with the corresponding alarm 
limit, to assess the health and availability of the system used. HPL 
and VPL define the radius of a circle in horizontal and vertical 
plane, respectively, which contains the true position at the centre 
and a good probability of finding the indicated position within the 
region. These are calculated based on the error estimates provided 
by the SBAS system. 
3.3 Continuity 
Continuity explains the probability that the system continues to provide the 
necessary performance as indicated in the performance specification 
throughout the phase of operation. A lack in continuity will hamper the 
operation to be aborted and relates to associated risks. 
3.4 Availability 
Availability refers to the probability that the navigation system is ready to 
provide service when any user operation starts. Normally, if other 
performance criteria such as accuracy, integrity and continuity are met 
along with the navigation service ready to use at any point of time, then 
availability parameter is satisfied. 
Table 1 shows the acceptable performance ranges put forth for various 
operation phases in aviation industry. 
The biggest disadvantage of SBAS systems is that, they are available only 
in certain regions in the world. Moreover, they have different framework in 
different countries and hence interoperability has been an important 
challenge. To standardize the system globally and for achieving 
interoperability, ICAO Standards And Recommended Practices (SARP) has 
specified standard specifications and SBAS Interoperability Working Group 
(IWG) coordinates the understanding between various service providers. 
[10] 
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Table 1. Performance requirements for different services in aviation sector. (Source: 
Navipedia) 
 
 
However, SBAS has benefited us in many ways. Their services can cover 
large land areas and provide assistance in areas where other systems cannot 
be deployed. Thus, increased capability, flexibility and cost effective 
solutions than the legacy systems are noteworthy benefits. 
4. GAGAN - SBAS over Indian region 
With rising necessity of accurate positioning systems, for Safety Of Life 
(SOL) applications such as aircraft take-off and landing and other aviation 
needs, Indian government proposed to set up a SBAS system for its region, 
called as GAGAN. This project is a joint effort of Indian Space Research 
Organisation (ISRO) and Airport Authority of India (AAI) and they are 
planned to be executed in two different phases- Technology Demonstration 
Phase (TDP) and Final Operation Phase (FOP). TDP phase consisted of 
studying the feasibility parameters and designing a system with necessary 
operation blocks, to demonstrate the capability of the design. In FOP, 
design are finalised after necessary modifications and complete operational 
goals are achieved. 
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4.1 GAGAN Functions and Architecture 
The main function of GAGAN implementations are: 
 Ranging: It provides additional ranging signals to improve 
availability typically using a Geo-Stationary link. 
 Integrity Channel: It provides transmission of GPS and integrity 
data to navigators. 
Fig. 7 illustrates the architecture of GAGAN. There are three basic 
segments in GAGAN- ground segment, space segment and the user 
segment. Major elements in SBAS ground segment are: (i) Reference 
Stations (RS); (ii) Mission Control Centre (MCC); (iii) Land Uplink Station 
(LUS) and space segment consists of GEO satellite with necessary payload. 
User segments are the end users like maritime vessels, airplanes and land 
based systems that are equipped with suitable receivers to receive 
geostationary satellite signals. 
 
Figure 7. GAGAN architecture [6] 
4.2 Ground segment 
Various elements in the ground segment are used to collect the GPS data, 
perform necessary computations to determine correction value and to 
retransmit them to space segment so that users can apply necessary 
corrections. GAGAN ground segment consists of following elements: 
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4.2.1 Indian reference stations (INRESs) 
These stations collect measurement data and broadcast messages from all 
the GPS and GEO satellites visible to it and forward it to the Indian Mission 
Control Centre (INMCC). These stations were carefully surveyed and 
selected at places where the multipath signal and other error source are 
least. Eight INRESs were initially proposed for technology demonstration 
phase. To improve performance, additional nine more stations were added 
later in the final operation phase. [11] 
4.2.2 Indian Mission Control Centre (INMCC) 
The main functions of the INMCC are: network management, integrity 
monitoring, iono-tropo model delay estimation, wide area corrections such 
as separation of errors, orbit determination, and command generation. The 
INMCC also consist of a main frame computer and a host of secondary 
computers connected to a network. Two INMCC have been planned and are 
operational now. [11] 
4.2.3 Indian Navigation Land Uplink Station (INLUS) 
INLUS communicates with the geostationary satellite. This segment 
consists of a signal generator and a Radio Frequency (RF) unit along with 
an 11 m antenna. This station receives correction messages, which contains 
User Differential Range Errors (UDREs) and iono-tropo grid models from 
the INRESs through the INMCC and formats it before retransmitting it to 
user through the Geo-link. The INLUS also provides GEO ranging 
information and corrections to the GEO satellite clocks. [11] 
Fig. 8 describes the various signal flow in the SBAS GAGAN system. 
 
Figure 8. SBAS Data Flow [7] 
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4.3 Space segment  
Space segment consists of geostationary satellites that can relay 
information to the user. For this augmentation purpose, 3 geostationary 
satellites have been proposed and two satellites: PRN127, GSAT-8 at 55° E 
and PRN128, GSAT-10 at 83°E  are already operational. The third satellite 
is planned to be used as a backup satellite and is expected to be operational 
in near future. [12] 
The geostationary satellite operates a navigation payload compatible with 
GPS L1 frequency and GPS L5 frequency [13]. Its main functions are to 
relay the geostationary signal to be received by the modified GPS receiver at 
the user segment. 
Fig. 9 shows the coverage of GAGAN by GSAT-8 and GSAT-10 over the 
Indian subcontinent. 
 
Figure 9. Planned GAGAN coverage. 
4.4 User segment 
The user segment consists of receiver device that can receive dual frequency 
at L1 and L5 bands that are downlink channels for geostationary satellites. 
They also have the capability to track the operational 7 IRNSS satellites and 
receive position information. Main users of this service include aviation 
sector for SOL applications and to assist other civil transport and maritime 
operations. 
The initial phase of GAGAN will cover around 1500 Km around Indian 
subcontinent and a majority of the area lies around the mid and low 
latitude region and is worst affected by delays, large spatial and temporal 
gradients, equatorial anomaly, depletions (bubbles), scintillations etc. 
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Normal grid based methods often fail frequently and hence a need for 
different algorithm is extremely necessary to calculate the correction 
values. For this purpose, various ionospheric studies were carried out which 
analysed the ionosphere and its variations. A total of 18 Total Electron 
Content (TEC) reference stations were established in equally-spaced 
latitudes and longitudes in order to study the spatial variation of the TEC. It 
was found that the anomaly was highest in the equinoctial months of 
March, April, September and October followed by winter months and then 
summer [8]. To mitigate such anomaly, new methods such as region 
specific coefficient based model and ISRO GIVE MODEL- Multi Layer Data 
Fusion (IGM-MLDF) [9] have been developed. GM-MLDF computes the 
ionosphere corrections and confidences at pre-defined grid points at 350 
km shell height. Ionosphere delays are computed at 250 and 450 km shell 
heights in order to capture the vertical movement and large scale 
irregularity of the Indian ionosphere and then employing data fusion for 
fusing the delays and confidences at 350 km shell height. A goodness of fit 
test is used by the ionosphere storm detection algorithm, to protect the user 
from uncertain behaviour of the ionosphere. Moreover, IGM-MLDF also 
models associated uncertainties to protect a GAGAN user from ionosphere 
effects. 
Incorporating such distinct and improved algorithms, the performance of 
the GAGAN system looks extremely good during the validation phase. The 
Final System Acceptance Test (FSAT) was conducted on July 16, 2012 and 
the results are given in Table 2. 
The applications of GAGAN are vast, ranging from civil aviation to non-
aviation applications like surveying, maritime applications, cartography, 
and disaster management among others. The GAGAN system would greatly 
benefit the civil aviation in a number of ways - first, they would enable 
precision landing during bad weather condition, even in the remotest 
airport where the ground based systems are still unavailable. Also, the all 
weather operation would reduce flight delays and diversions, thereby 
reducing the airline operating cost and reducing emission. Secondly, they 
would improve the capacity of airline routes by reducing the safety spacing 
between aircrafts in the demanding traffic routes.  The GAGAN system is 
designed to work with other augmentation systems like MSAS, EGNOS and 
WAAS and thus seamless augmentation service in international routes will 
also be made possible in future. Future commercial aspects also looks 
promising as the GAGAN footprint covers most South-Asian countries and 
augmentation to other countries could be provided with minimal expansion 
effort. However, GAGAN signals outside India has not been validated yet  
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Table 2. GAGAN FSAT results [14] 
 
 
and hence more performance assessment is needed before commencing 
commercial services to other countries. 
5. Conclusion 
GNSS contribution to the ever-growing human needs is tremendous. 
Aviation sector is considered to be the most benefitted and noteworthy as it 
has considerably improved the safety of human life during air travel. With 
emerging technologies such as SBAS and GBAS, which supplements GNSS, 
navigation systems are getting more robust and fail-safe.  
Though different augmentation techniques are available, due to the 
versatility and low cost of satellite operations, SBAS is making its way to be 
the mainstream augmentation system. Other areas, such as Australia, 
where geostationary satellite is either not available or very expensive due to 
political or technical reasons, newer augmentation methods such as GRAS 
which eliminates the need for geostationary satellite have been developed. 
These augmentation systems are carefully designed so that they can meet 
the high performance standards specified by SARP. However, the 
augmentation systems developed so far are regional and global 
interoperability is extremely essential to benefit the aviation sector. India’s 
GAGAN implementation helps the augmentation cover the Indian 
subcontinent and helps to make more equatorial ionosphere studies 
possible. The implementation of GAGAN system would enable India to have 
sovereign means of enhancing GPS. They would also boost confidence in air 
travel and contribute greatly to the management of increasing air traffic. 
Further expansion of augmentation service to neighboring countries will 
help India on a commercial aspect, as well as greatly improve foreign 
relations. 
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Abstract
Smartphones have developed signiﬁcantly over the past few years. With
their development has come positioning technology. Positioning techniques
of modern smartphones can be divided into network based and handset
based methods. A test of these methods in an indoor and outdoor en-
vironment was conducted to examine their limitations and strengths. It
was found that A-GPS works better than Integrated GPS methods, or net-
work based methods. With regards to indoor testing, it seemed that the
smartphone device is susceptible to error such as multipath, and signal
complications, producing less accuracy than results conducted outdoors.
The more modern smartphone, the Samsung Nexus produced better results
than the older Nokia 5800.
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2.2 Handset based methods 
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2.3 Indoor and outdoor environments 
!

   
     
 
1
 
    

  
 
  
- &    1

 
 
   
.




-.	6





6- 

 -A     
 


-
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3. Testing plan 
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3.1 Outdoor testing 
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3.1.1 Outdoor testing tools used - smartphone 
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3.1.2 Outdoor testing tools used – software 
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3.1.3 Testing locations – Helsinki and Rovaniemi 
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3.1.4 Testing routes 
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3.2 Indoor testing 
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3.2.1 Indoor testing tools used – smartphones 
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3.2.2 Indoor testing tools used – software 
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3.2.3 Indoor location and route 
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4. Test results 
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4.1.2 Helsinki with A-GPS 
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4.2 Rovaniemi 
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4.3.3 Indoor with Samsung Android (two tests) 
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Hybrid Positioning with a Smartphone
Tuomas Keränen
Aalto University School of Engineering
Department of Real Estate, Planning and Geoinformatics
tuomas.keranen@aalto.fi
Abstract
This paper explains general ideas used in ubiquitous positioning with
smartphones. The purpose is to provide smooth and seamless positioning
solution across indoor and outdoor environments. This is usually achieved
through a hybrid positioning scheme that integrates multiple positioning
technologies. Additionally, this paper presents various ﬁeld tests that were
carried out. The accuracy and reliability of digital compass and accelerom-
eter in smartphones were analysed in more depth using Matlab.
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2. Methodology 
2.1  Hidden Markov Model (HMM) 
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2.2 Pedestrian Dead Reckoning 
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2.3 Positioning with WLAN 
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2.4 Experimental set-up 
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3. Field tests 
3.1 WLAN radio map generation 
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3.2 Pedestrian step detection test 
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3.3 Testing the static accuracy of a GPS performance 
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3.4 Digital compass test 
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3.5 Static accelerometer test 
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4. Analysis and results 
4.1 Digital compass test 
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4.2 Static accelerometer test 
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5. Conclusions 
5.1 Digital compass test 
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5.2 Static accelerometer test 
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APPENDIX C: Example of a Matlab code 
for analyzing the accelerometer accuracy 
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Dexter Industries GPS sensor for Lego
Mindstorms NXT
Henri Turto and Niko Kareinen
Department of Real Estate, Planning and Geoinformatics
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Abstract
Lego Mindstorms NXT 2.0 is not a toy but an education tool as well. Many
teachers around the word uses NXT to teach students various subjects such
as robotics. The standard package comes with touch, sound, light and
utrasonic sensors. Although these sensors may provide certain navigation
capabilities, third-party sensors have been developed by various manufac-
turers to enhance the navigation capabilities. In this project, we researched
the navigation and positioning properties of the NXT standard package in
combination with the GPS sensor provided by Dexter Industries. Three
different tests were carried out: static, navigation, and tracking tests. The
static tests demonstrated accuracies within the values reported by the man-
ufacturer. On the other hand, the accuracy was barely good enough for the
practical navigation. Furthermore, the vehicle tracking test showed that
the route could be tracked with good accuracy while the velocity outputs
were relatively stable.
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1 Introduction
This is a report about Lego Mindstorms Robotic Invention System NXT
2.0 project that was done for Aalto University School of Engineering De-
partment of Real Estate, Planning and Geoinformatics course Maa-6.3255
Seminar on Geodesy, Navigation and Positioning. In this project, we have
researched navigation and positioning possibilities of Lego Mindstorms
Robotic Invention System NXT 2.0 (for now on Lego NXT 2.0) with Dex-
ter Industries DGPS sensor and HiTechnic NXT Compass Sensor. The
Lego NXT 2.0 has other sensor that could be used for navigation but we
chose these two to delimit the project. The Lego NXT 2.0 is a toy and an
educational tool. With it, you can build your own robots from Lego blocks.
The heart of the Lego NXT 2.0 package is the intelligent NXT brick that
has a microprocessor. To the NXT brick, one can upload programs to con-
trol the robot. The Lego NXT 2.0 package comes with NXT-G 2.0 pro-
gramming tool that has a visual block diagrams that are easy to use. In
Verkkokauppa.com shop the age recommendation for the LegoNXT 2.0 is
10+ years and in November 2012 the price is set to 264,90 EUR a package.
For the research, three different tests were concluded. First test was
done with the GPSstat data logging program to log measurements while
the robot was kept static on a known point referred as GNSS3 located in
Espoo’s Otaniemi near Falcon Gentti building. The purpose of this test
was to evaluate the accuracy and the precision of the Dexter Industries
DGPS sensor. The manufacturer informed accuracy should be three me-
ters in horizontal plane and more than ten meters in the vertical plane
[4].
The second test done was navigation test made with the GPSNav pro-
gram to navigate the robot to coordinates that were uploaded to the robot.
GPSNav calculates the robot position from the GPS satellite signals that
the Dexter Industries DGPS sensor receives and from that solution it cal-
culates the heading and distance to the uploaded goal coordinates. The
HiTechnic NXT Compass Sensor measures the Earth’s magnetic ﬁeld and
from it the sensor can calculate its direction. The GPSNav also logs the
coordinate solutions along the way and calculates new heading from them
to get better navigation result. The navigation test was done on a tennis
court in Otaniemi, Espoo.
The third test was vehicle tracking and velocity test. This test was done
with GPSstat_vel program that logs the location of the robot as well as its
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velocity. This test was done to see how accurately the Dexter Industries
DGPS sensor can measure velocity and locate its position in a larger scale
of road. This test was done along a highway in Espoo.
Expectations for the setup were low because of the price of the robot as
well as it is a Lego toy. In the Dexter Industries DGPS sensor manufactur-
ers webpage, there are video ﬁles of navigation tests that were concluded
in a big parking lot. In these ﬁles the robot reached its goal.
In our test results, it is shown that the accuracy of the Dexter Indus-
tries DGPS sensor that the manufacturer informs is possible to reach in
static measurements and a 10 minute interval but in the navigation test
the calculated positions were inaccurate for several meters. The vehicle
tracking test showed that the route could be tracked with surprisingly
good accuracy. The velocity output was relatively stable.
2 Lego Mindstorms NXT 2.0 robotics kit
With Lego Mindstorms Robotic Invention System NXT 2.0 package, you
can build your own programmable robot. Lego Mindstorms is a product
of the Lego Group and was developed with MIT Media Lab (research lab
part of Massachusetts Institute of Technology). The ﬁrst Lego robot prod-
uct of this line was introduced in 1998 and it was called Lego Mindstorm
RCX. The next version introduced in 2006 was called Lego Mindstorms
NXT. The product we are using is the latest model Lego Mindstorms NXT
2.0 and it was introduced in fall 2009. The product with its predeces-
sors is used by thousands of teachers around the world to teach robotics
(Carnegie Mellon Robotics Academy). For now on, we use a shortened
name Lego NXT 2.0 for Lego Mindstorms Robotic Invention System NXT
2.0, which is enough to differ it from the previous generations of Lego
robot products.
Lego NXT 2.0 package comes with the NXT intelligent brick, servo mo-
tors, and various sensors. The contents and descriptions of the retail NXT
package are listed in Table 1 [7].
3 Lego NXT 2.0 third-party sensors
There are several companies that manufacture sensors for Lego Mind-
storms. In the project, two third party sensor were used in the navigation
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Table 1. Original Lego NXT 2.0 package
Product
(quantity)
Detailed description
The NXT
Brick (1)
Two processors: ﬁrst one is 32-bit, 48 MHz Atmel
AT91SAM7S256 ARM, with 64 kB RAM + 256 kB Flash-
memory. The second processor is 8-bit, 8 MHz Atmel AT-
mega48
AVR-processor, with 512 B RAM + 4 kB Flash-memory
LCD display with resolution of 100x64 pixels
Loud speaker for 8-bit sound
Four buttons
3 output ports for servo motors
4 Input ports
1 USB 2.0 port
Bluetooth support (Bluetooth chip sold separately)
For power supply it takes 6 AA batteries 1,5 V or a recharge-
able battery
Servo
motors (3)
Motor with a two way angle recognition, the angles can be read
from the motor or to give commands to reach the preferred an-
gle approximately in 1 degree precision
Adjustable speed and direction of rotation
Built-in tachometer
Overheating protection
Touch
sensor (2)
Touch sensor is a button that gives you basic true/false feed-
back
Ultrasonic
sensor (1)
Ultrasonic sensor can measure distance and locate objects. It
can measure distance in centimetres from 0-254. It can also
be used to detect motion. Sensor generates sound waves and
it detects the echoes it receives back and then calculates the
distance from the time interval of sending/receiving the signal.
Colour
sensor (1)
Colour sensor detects light and different colors. It has a red led
light as a lamp. To work properly the sensor needs a light from
the environment. To detect colours the differences in contrasts
need to be quite big for it to work properly.
tests the Dexter industries DGPS sensor and HiTechnic digital compass
sensor. The DGPS sensor alone was also used in the static measurement
test. The two used third party sensors are introduced in a Table 2. The
sensors that are made especially for Lego Mindstorms have in common
that they connect directly in to the Lego NXT ports. Most third party
products are sensors, they measure something, but some products add
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Table 2. DexterIndustries dGPS and HiTechnic compass sensor speciﬁcations.
Sensor/
Manufacturer
Description
Dexter
industries
DGPS Sensor
The sensor can be used to log positional data or to navigate
to a point.
Information that can be read from the sensor:
Positional data: Time (UTC), latitude, longitude, velocity
(cm/s), heading (degrees)
Navigational data: Distance and angle to destination from
the start and along the way from the last call.
Reported horizontal accuracy of 3 m.
Reported vertical accuracy of 10 m or less.
The output data is in integers.
Sensor has a GPS chip manufactured by Sky Traq chipset
HiTechnic
Compass
Sensor
The Compass sensor measures Earth’s magnetic ﬁeld digi-
tally and outputs heading in one degree accuracy. The mag-
netic heading is calculated to and the sensor outputs an in-
teger between 0-359. The heading is updated 100 times in
one second. The Sensor can be calibrated in addition, so that
near by external magnetic ﬁelds such as the robot batteries
and servos can be compensated out from the heading results.
different features to the NXT series. Besides sensors, the wireless con-
nections are common features in third party products. Available wireless
connection methods are at least WiFi and a few different radio frequen-
cies as well as the Lego supported product Bluetooth Dongle. Also if for
projects that need more input ports, there are several different products
that can do that. HiTechnic has two different products for such use that
they call multiplexers. HiTechnic Sensor Multiplexer for example allows
you to connect four sensors for only using one port. The HiTechnics mul-
tiplexer may not work with all the third party sensors as in the manufac-
turers webpage it is stated what sensors it does support and it lists only
Legos own and the HiTechnics own sensors. For controlling the NXT brick
there several products that connect Lego Mindstorms with the game con-
sole pads. One of these products is the Dexter industries manufactured
the NXTChuck, which connects the Nintendo Wii’s Nunchuck controller
to NXT brick. The Nunchuck control pad has accelerometer, joystick and
two buttons. There is also a product that can directly connect to the wire-
less Microsoft Xbox pad. [1, 2, 3]
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4 NXT in teaching
Lego Mindstorms Robotic Invention System NXT 2.0 was designed with
learning in mind. The product with its predecessors is used by thou-
sands of teachers around the world to teach robotics [5]. The Lego Mind-
storms is quite open system and in that way full of possibilities for further
projects.
The NXT-G programming platform is very easy to use. Its visual pro-
gramming language is quite easy to manipulate even if the person does
not have programming skills. For more complicated programs, there are
third party programming platforms that are more suitable for people with
programming experience. The software developer kit (SDK) allows you to
create even your own programming environments. The third party sen-
sors make possible to use the robot in various projects in different ﬁelds.
For navigation teaching, there is gyroscopes and different sensors for dis-
tance measuring available for projects that could use several sensor to get
better navigation results. In addition, the possibility to make your own
sensor might be interesting for engineering students. The open source
hardware developer kit (HDK) gives possibilities to use better GPS re-
ceivers to navigate robots more accurately.
There are several robotics competitions that are based in using Lego
NXT 2.0. Lego lists a few completions on their webpage [6]. These com-
petitions are meant for people with young age. The youngest age limit is
6 to 9 years old and the oldest level being from 7 to 19 years old. From
these competitions, the participants can win college scholarships.
5 NXT programming platforms
There are multiple options available to program and making programs
for the Lego NXT Intelligent Brick. The most stripped-down option is
to use the NXT Program option available in NXT menu. However, this
is only adequate for extremely simple programs. The standard Lego NXT
robotics kit comes bundled with NXT-G programming environment, which
is based on the graphical programming environment LabVIEW by Na-
tional Instruments. Additionally, National Instruments has released its
own toolkit for the NXT. NI LabVIEW for Lego Mindstorms allows more
advanced graphical programming for the NXT.
In 2006, with the launching of the ﬁrst Lego Mindstorms NXT robotics
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kit, Lego released the ﬁrmware for the NXT Intelligent Brick as open
source for the ﬁrst time. In addition to the ﬁrmware source code developer
kits for software, hardware, and bluetooth were also released.
SDK includes driver interface speciﬁcations and tools, which can be
used to create third-party programming environments. HDK includes
schematics for the NXT 6-wire digital connector system. The bluetooth
developer kit (BDK) enables developers to use the NXT block bluetooth
protocol. BDK makes it possible to program the NXT block to communi-
cate with any bluetooth device.
The decision to make Lego Mindstorms an open source system has had
great beneﬁts. Developers have utilized the SDK to create a wide variety
of third-party programming environments based on high level program-
ming languages. The HDK has made it possible to develop third-party
sensors, which are able to interact with the NXT Intelligent Brick. This
has created a small industry within the Lego NXT community, which pro-
duces components designed speciﬁcally for the NXT. With the BDK, the
NXT Intelligent Brick can also interact with devices not speciﬁcally de-
signed for the system. The bluetooth interface also makes it possible to
transmit code directly to the NXT unit, enabling interactive control and
real time code interpretation.
The following sections will discuss the bundled NXT-G and various avail-
able third-party environments. NXT-G language, used in the ﬁeld testing
of the project, is covered in more detail.
5.1 NXT-G 2.0
The NXT-G bundled with retail Lego Mindstorms NXT, both the original
and 2.0 versions, is a visual programming language (VPL) for the NXT
Intelligent Brick. The original NXT-G 1.0 and 2.0 versions are function-
ally very similar. Compared to version 1.0 the 2.0 includes new tools and
features. Programs are created by constructing program elements in a
visual environment, instead of specifying the elements in text form. The
basic structure of programs created in VPL consists of elements and their
relations, expressed as boxes and lines, arranged in ﬂowcharts. NXT-G is
based on NI LabVIEW 7.1. The high-level block diagrams implemented
in NXT-G are based on lower-level LabVIEW block diagrams.
The basic elements in NXT-G are blocks and data wires. The blocks are
connected to sequence beams. Blocks are read from left to right, which
deﬁnes to execution order for the program. Data between blocks in a se-
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quence beam is transferred using data wires. The direction of the data
ﬂow is the same as the execution order: data moves from left to right.
Parallel threads are implemented as parallel sequence beams. Data in
sequence beams can be stored in variables, which can be read from paral-
lel sequence beams. This makes NXT-G very straightforward in creating
programs which do e.g. data logging parallel to main program.
Standard blocks
NXT-G 2.0 comes with a number of standard blocks, which can be used
to control and program the sensors and motors of the retail NXT Intelli-
gent Brick. The blocks are as per default separated into six categories:
common, action, sensor, ﬂow, data, and advanced blocks.
For many purposes, one of the most essential tasks is to get the robot
moving. The common and action blocks includes the blocks for con-
trolling the servo motors either individually or by a move-block. A motor-
block can be used to control a single connected servo motor by adjusting
the direction, motor power, and cycle duration. The move-block can con-
trol all of the connected servo motors simultaneously. The choice to use
either motor- or move-blocks depends on the nature of the task needed to
perform. Motor block is more suited for simple explicit tasks. Because the
movement is controlled explicitly by turning each motor, it is straightfor-
ward to use the motor block conﬁguration with different sensors, which
can e.g. control the input for the motors. However, for more complex
movement instructions the motor approach requires a large number of in-
dividual motor-blocks. This uses a considerable amount of memory space,
which is very limited in the NXT Intelligent Brick. Additionally, there
are no built-in smart features in the motor-block: the cycle counters must
be manually reset after each iteration. Furthermore, a small drift in one
of the motors in e.g. two-motor setup can cause the direction to veer off
course. The move-block is designed to be a more convenient alternative
to motor-blocks. Because the block can control multiple motors at once,
movement forwards or backwards can be executed by a single block. Fur-
thermore, it can be used to steer the robot based on just one directional
input. Unlike motor-block, move-block can reset cycle sensors automati-
cally. The move-block can also correct automatically for motor drift. For
example, in case the move-block is programmed to steer forward and it de-
tects one of the motors drifting, it will automatically correct the steering.
Since the movements can be programmed using less blocks, using move-
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blocks also reduce the required memory space. This will in turn permit
the creation of more complex programs.
The ﬂow-blocks include basic selection of control mechanisms. Itera-
tion and control ﬂow statements can be programmed using the loop-block,
which can be set to run either indeﬁnitely or to terminate on a given con-
dition. This enables easy programming of basic for- and while-loop struc-
tures. Flow-blocks also include wait and termination blocks. Selection
statements can be programmed using a switch-block, i.e. a switch-case
structure.
The data-blocks include various mathematical operations. Math-block
can perform elementary arithmetic operations as well as absolute value
and square root functions. Also included are blocks for relation-statements,
range, and Boolean logic (AND, OR, NOT, XOR). The variables, random
variables, and constants are also included in data-blocks. These blocks
are used to store initial parameters and values computed during the exe-
cution. As mentioned earlier, variable-blocks can be used to transfer data
between parallel sequences.
The advanced-blocks contain blocks for altering data types, string
handling, ﬁle access, calibration, bluetooth connection, and motor reset
functions. The data type, string handling, and ﬁle access blocks are espe-
cially important when logging the data with NXT. Since NXT-G does not
support dynamic typing, in order to format the data, the number types
must be converted to text prior string concatenation. File access block
can read, write, close, and delete a ﬁle speciﬁed by a ﬁlename. A good
approach to data logging with NXT is to close and delete any existing
data log of the same ﬁlename before the main program. This will prevent
the build up of the data in single ﬁle between different measurement ses-
sions (unless this behaviour is wanted, naturally). With this approach,
the data must be uploaded to a computer between each measurement ses-
sion. However, the small memory space of NXT limits the size of the data
logs substantially, thus preventing long data logging sessions in any case.
The sensors connected to the NXT Intelligent Brick are programmed
by sensors blocks. The standard blocks include touch, sound, light, ul-
trasonic, rotation, NXT buttons, clock, bluetooth, and RGB color sensors.
The NXT-G language supports most third party sensors. In this study
two such third-party sensors were used: the Dexter Industries NXT GPS-
sensor and HiTechnic NXT compass sensor. The bring the sensors into
use in NXT-G, they have to be imported manually to the programming en-
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vironment. The required blocks for both compass and GPS are available
for download in the respective manufacturers websites. Once downloaded
and extracted, the blocks can be imported using the built-in block import
feature in NXT-G.
Third-party sensor blocks
HiTechnic NXT compass sensor block The compass block for HiTechnic
NXT Compass Sensor, provided by HiTechnic, supports all compass fea-
tures. The compass can output both absolute and relative heading. The
absolute heading corresponds to the current magnetic heading, and is
given in degrees, ranging from 0 to 359. The relative heading options com-
pares the absolute heading to a set target and returns the difference. The
target heading can be set either as a data input or manually in the block.
Additionally, the block can be conﬁgured to check if the current heading
is either inside or outside a given angle range and return a yes/no logical
value. The compass block also includes a calibration function, which com-
putes the compass deviation offsets. However, HiTechnic states that for
normal operation the calibration is not usually required, if the compass
sensor is placed 10-15 cm from the NXT Intelligent Brick and motors. [2]
Dexter Industries GPS sensor blocks To control the Dexter Industries
GPS sensor three separate blocks, provided by Dexter Industries, were
imported. The blocks included: GPSRead, GPSNavigation, and GPS-X -
blocks. The GPSRead block is used to read positioning information from
the GPS sensor. The block has six output types: time, latitude, longitude,
heading, velocity, and signal data. Due to the limitations in NXT all out-
put data is in integer format. The time output is UTC in hhmmss-format.
Latitude and longitude output are represented in integer decimal degree
format by 8- and 9-digit integers, respectively. Positive latitude and lon-
gitude correspond to northern and eastern hemispheres, negative values
to southern and western hemispheres. Heading is output between 0 to
359 degrees, with north as the reference heading and values increasing
clockwise. Velocity output is given as cm/s. Signal status returns 1 for
valid and 0 zero for invalid GPS signal. The GPSNavigation block can
be used to compute data in order to navigate to a target destination. The
block takes the target latitude and longitude as input values. As with GP-
SRead, the format for the input values is integer decimal degree. Using
the target coordinates the navigation block computes two output values:
the distance to target in meters and the angle to the destination in de-
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grees. The angle is between 0 and 359 degrees. The GPS-X block takes
advantage of the latest extended ﬁrmware for the Dexter Industries GPS
sensors as of June 2012. The block provides additional information which
can be used to assess the quality of the measurements, namely HDOP
value and the number of satellites in view. Additionally, the block can
read the altitude data from the sensor. The altitude output is in meters.
[4]
5.2 Third-party programming platforms
There are several different programming platforms for Lego Mindstorms.
When choosing a third-party programming language be prepared that
there might be bugs in the implementation. Also some may not support
all the features for Lego NXT that are available in the original program-
ming language. One that has been developed a lot is lejOS programming
environment which allows you to code JAVA. The lejOS is an open source
code and stated as easy to use. For using the leJOS, the NTbrick needs
a new ﬁrmware. Downloading the new ﬁrmware to the NXTbrick ends
the guarantee of the product. LejOS offers most possibilities the JAVA
language has but there might come restrictions because of the amount of
NXTbrick’s inner memory. [7]
Another interesting programming environment could be the nxtOSEK
platform which allows programming with C/C++ languages. The nxtOSEK
also demands a new ﬁrmware and ends the guarantee of the device. There
are programming enviroments for Matlab and Python lovers as well. For
Matlab there is a third party toolbox Mindstorms NXT Toolbox for MAT-
LAB which was created mainly as a student work in RWTH Aachen Uni-
versity’s student project - MATLAB meets LEGO Mindstorms. This tool-
box allows the use of the Matlab mathematical operations to create artiﬁ-
cial intelligence to the robot and allows the many possibilities to plot and
process the sensor recorded data. For the students of Aalto University,
the nxt-python platform might be interesting because in Aalto School of
Engineering mandatory programming courses python is the teaching lan-
guage. [7, 8, 9]
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6 Field test setup
In order to test the capabilities of the Dexter Industries GPS sensor for
the Lego Mindstorms NXT robot, a number of ﬁeld tests were carried out.
The main purpose of the tests was to determine the basic performance
level of the GPS sensor and its capabilities both in static measurements
as well as navigation. Based on the tests, it is possible to assess possible
realistic practical uses for the Lego Mindstorms NXT equipped with the
Dexter Industries GPS sensor.
The GPS was attached to the NXT programmable robot unit and the
system was programmed using the graphical NXT-G programming envi-
ronment. As mentioned in Section 5, there are multiple programming
environments of variable complexity available for the NXT. The choice of
using NXT-G was motivated by a number of reasons.
Simplicity Since the NXT-G environment is bundled with and wholly
supported by the NXT, this enabled us to concentrate more on the actual
GPS performance. No custom ﬁrmware is needed to program the robot
with NXT-G.
Initial testing As ﬁrst testers of the GPS sensor, one of the aims was to
provide initial test results, on which further development could be done.
By using the NXT-G environment, we can in a sense provide an out of the
box testing for the sensor to determine the standard performance level
of the sensor. By testing with NXT-G, we can assess whether the sim-
ple environment is adequate for simple positioning or of more advanced
programming languages are needed for practical applications.
Existing support Dexter Industries provides support and multiple pro-
gramming blocks for the NXT-G environment.
6.1 Build setup
The ﬁeld testing setup of the robot consisted of both standard NXT com-
ponents and third party sensors. The basic layout for the robot was a
four-wheeled platform, on which the main NXT computer unit was at-
tached. The unit was encased in a supporting structure, which provided
a base for other sensors. The robot was powered by two standard Lego in-
teractive servo motors, which powered one front wheel each. Additionally,
a third servo motor was situated in the front part of the robot between
the two driving motors. The computer unit, and especially the battery,
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contributed the most of the weight of the robot. The main mass compo-
nent was thus resting on top of the middle of the wheel base, making the
structure adequately robust even for faster movements.
In addition to motors, the robot was equipped with sensors for compass,
color sensor and GPS. The GPS sensor was attached to the supporting
structure on top of the main NXT unit in order to minimize any obstruc-
tions to the signal by the structure. The compass sensor was attached to
a boom, which was in turn mounted on the right hand side of the support-
ing structure. During preliminary testing, the compass was found to be
somewhat sensitive to outside interference. The boom was used to place
the compass sensor as far as was practically possible from other sensors,
servo motors and the NXT unit to minimize disturbances to the compass
reading. The RGB color sensor was attached to the left hand side of the
robot in front of the servo motor. The sensor was directed towards the
ground with a clearance of approximately 1 cm.
Furthermore, the orientation of the servo motors in relation to the main
NXT unit had to be taken into account. The forward direction is deﬁned
by the wheel attachment points. When the input ports of the servo mo-
tors are above the wheels, the forward direction is towards the attachment
points. The motors are connected to the NXT output ports labelled A, B
and C. To use the default steering conﬁguration in NXT-G, each of the mo-
tors should be connected to the output port on that side. If an alternative
order or motor orientation is used, the steering has to be adjusted accord-
ingly in the move block. The setup used in the ﬁeld testing is illustrated
in Figures 1, 2, and 3.
(a) Left side of the robot (b) Right side of the robot
Figure 1. Robot from the sides
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(a) Front side of the robot (b) Back side of the robot
Figure 2. Robot from the front and back
Figure 3. Upside of the robot
6.2 Test programs
To test the performance of the Dexter Industries GPS sensor various test-
ing programs were created. The tests were designed to investigate the
functionality of the GPS sensor in both position logging measurements
and in a real-time navigation application. The GPSRead block was used
to generate position information both in static measurements and while
travelling with the robot. The navigation application was implemented
using the GPSRead, GPSNavigation, and Compass blocks. Additionally, a
program utilizing the output from the GPS-X block was created to log and
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assess satellite visibility, altitude, and HDOP data.
In addition to the actual data logging programs, a few utility tools were
created. These tools give direct output to the NXT screen without any
data logging. The tools included for example a real-time position display
showing current latitude and longitude as well as a navigation tool dis-
playing the angle and distance to a predeﬁned target destination. The
latter was particularly useful since the target destinations for the naviga-
tion application were determined using Google Maps. By using the same
target destination as with the actual navigation application test run, an
estimate for the physical location (i.e. robot goal area) according to the
GPS sensor could be quickly determined on-site.
GPS data logging programs
To record the coordinate solution from the GPS sensor, a data logging
program, GPSstat, was created with NXT-G 2.0. This program serves
as a general purpose data logging tool, which can be used to record the
robot position both in static measurements and while on the move with
robot. Because of the limited memory space of NXT, three versions of the
program were created.
The ﬁrst version records the robot position, two time parameters, robot
orientation, and signal status once per second. The two time parameters
are UTC time from the GPSRead block and program duration time from
a Timer block.
The second version, GPSstat_vel, additionally reads and logs the veloc-
ity output from the GPSRead block. Because the velocity output is not of
special interest while making static measurements, the velocity logging
was omitted in the ﬁrst GPSstat version to help reduce the size of the
data logs, thus enabling longer continuous measurements.
Because GPSstat works as a standalone GPS logging program as is, it
can be easily implemented as a general purpose GPS data logging feature
in other NXT-G programs. The GPSstat program scheme is illustrated
in Figure 4. First, the program closes and deletes any existing log ﬁles.
Then a loop is started in which the GPS and time data is read, formatted
to a string, and saved in a log ﬁle. The loop runs until terminated by the
enter button.
The third version is GPSsats, which in addition to UTC, position, and
signal status, logs the output of the GPS-X block: visible satellites, HDOP,
and altitude.
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Figure 4. GPSstat NXT-G layout.
Naturally, all of these functionalities could be combined into a single
program. However, during the testing it was found more convenient to
have smaller programs generating smaller log ﬁles and to have automat-
ically separate log ﬁles for each measurement based on the desired focus,
e.g. position only, velocity, satellite visibility.
GPS navigation program
A destination seeking program, GPSstat, was created to test the naviga-
tion capabilities of the GPS sensor. The program consists of two parallel
sequence beams. In the ﬁrst sequence beam, the destination latitude and
longitude are stored in as constant values. The values are connected to
the corresponding target ports in the GPSNavigation block. The block
then calculates the angle and distance to destination. The distance to
destination is connected to a Compare block, which checks if the value is
less than a preset threshold and returns a corresponding yes/no logical
value. The logical value is connected to a Stop block, which halts the pro-
gram when the distance is below the arrival limit. In the tests a threshold
of 10 m was used. The angle to destination is stored as a variable. The
sequence (excluding initial log ﬁle reset as with GPSstat) is inside a loop,
which will run until the program is halted by the Stop block. The loop
also includes a slightly altered version of GPSstat for which writes the
position, angle to destination and distance to target into a log ﬁle.
As the ﬁrst sequence beam, the second is a run in a while loop. Two di-
rection parameters are used to compute steering input for the robot. The
direction parameters are the absolute magnetic heading from the Com-
pass block and the angle to destination variable computed in the ﬁrst se-
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quence beam. The values are connected to a Math block which subtracts
the angle to destination from the absolute heading. The difference is used
as a steering input value for a Move block. The Move block is set to power
level of 50 (out of 100) and the duration is set to unlimited. The unlimited
duration will give the best response time for the steering, as the motors
will not wait to complete a set amount of rotations/degrees/time, but will
adjust the steering on every iteration instead. The latency is thus limited
only by the execution speed of the loop.
The scheme for GPSstat is illustrated in Figure 5.
Figure 5. GPSnav NXT-G layout.
7 Field tests
The ﬁeld tests consisted of various types of measurements, which were
for the most part carried out at Otaniemi. Some initial ﬁeld testing was
also done around Espoo, particularly in Perkkaa and Leppävaara region.
Furthermore, the GPS sensor was driven around by car in Espoo and
Kirkkonummi.
The tests can be grouped in three categories: static tests, tests while
moving, and navigation tests. Additionally, the initial signal acquisition
time was observed during the start of each measurement session.
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7.1 Static measurements
To assess the performance of the GPS sensor, a number of static mea-
surements were conducted. The static measurement data logging was
done with the GPSstat program. Before logging any position data, the
GPS sensor was allowed to acquire a valid signal, and the position output
was monitored in real-time using on of the tools discussed in Section 6.2.
At ﬁrst, initial short proof-of-concept static measurements were carried
out to make sure the GPSstat program was working properly. These rel-
atively short tests were carried out both in Perkkaa and Otaniemi. The
duration of the initial tests was from approximately 3 to 5 minutes. Based
on these tests, the later measurement times were set to be approximately
10 minutes.
The longer static measurements was carried out on a point GNSS3 near
Falcon ofﬁce building complex. The position of the GNSS3 had been de-
termined during Engineering Geodesy course. The point is marked to
the ground with a nail. This point was considered an accurate reference
point in these ﬁeld tests. The visibility on the point is relatively obstruc-
tion free, except for the Tinnu ofﬁce building, which blocks a part of the
Northwest view of the sky. The robot was placed on the point by ﬁxing
the nail to the middle of a simple targeting scope attached to the robot.
By placing the robot on a know reference point, it was possible to com-
pare location reading acquired with the GPS sensor to the location of the
robot obtained with. GNSS3 point and the nearby Tinnu ofﬁce building
are illustrated in Figure 6a. Figure 6b shows the aerial view of the point.
A second location measured slightly more extensively was a point, which
was used as the main starting location for the robot navigation tests.
The point was located on a large tennis court complex near the Otaniemi
sports ﬁeld. Out of the tests locations, the tennis court was the most ob-
struction free. There were no major obstructions in any direction, apart
from a few trees. The reference position of the point was determined using
a Trimble GeoExplorer XH 6000 handheld GPS device. This way it was
possible realize the starting point with relatively high accuracy.
In addition to robot position, the satellite visibility, HDOP and altitude
was measured on GNSS3. Visibility measurements were taken both in
conjunction with the static measurement and independently. The results
allowed to compare the observed visibility to the visibility computed by
Trimble Planning Software.
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(a) GNSS3 point and Tinnu ofﬁce
building.
(b) Aerial view of GNSS3 location.
Figure 6. GNSS3 point and surroundings.
7.2 Navigation tests
The GPSNav program was used to test the navigation capabilites of the
robot. The basic procedure for the initial navigation tests were to deter-
mine a goal point with Google Maps, locate the point on ground using
the real-time navigation program discussed in Section 6.2, and then set
the robot to travel to the goal zone from a adequate distance (i.e. ap-
proximately 30-50 m). Initial tests were carried out on parking lots in
Perkkaa and near Maarintalo, Otaniemi. It soon became evident that an
even more open space was necessary to test the navigation. The robot
could not reach the goal destination unaided due to obstacles and errors
in the GPS position. A few navigation tests were tried on the sports ﬁeld
tarmack. However, the track was deemed to be too narrow. Additionally,
although the sports ﬁeld was a relatively open space, there were appar-
ently some visibility issues due to the track being located next to a hill.
During test runs on the track, the signal was lost approximately every 3
minutes. Eventually, the tennis court next to the sports ﬁeld was selected
to serve as the main testing location. It had good visibility and a large
unobstructed surface for the robot to manoeuvre on. The starting point
for the navigation (tennis1) runs was set near the edge of the court. The
goal destination was determined with Google Maps and it was approx-
imately in the middle of the ﬁeld. As with the earlier locations, initial
testing with real-time navigation and test runs were carried out also on
the tennis court. Even on the extremely spacious tennis court, the robot
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would at times weer over the edge and get stuck in the soil. However,
on the tennis court multiple succesful runs, where the robot reached the
destination (according to the navigation data) were achived. The true end
location of the robot was determined with the Trimble handheld GPS on
two of such runs.
7.3 Vehicle tracking and velocity tests
Due to the slow speed of the robot, the track data from the navigation tests
was concentrated on a very small area. The small physical movement
of the robot tends to create very cluttered ground tracks, which will be
further investigated in Section 8. To test the quality of GPS track data,
while the sensor is on board a much faster moving vehicle, the robot was
placed in a car. In addition to position, the velocity of the car was logged.
The test was done with GPSstat_vel. The car was driven with a constant
target velocity of 100 km/h for approximately 15 - 20 km from Lommila
to Veikkola and back to Perkkaa. The speed of the car was maintained as
steady as possible by using cruise control set to 100 km/h. The route used
is almost straight highway with constant speed limit and little variation
in elevation, making it practical in maintaining the desired speed.
8 Analysis and results
After gathering data during the ﬁeld tests, it was analysed using Matlab.
A number of Matlab tools were written to read the generated log ﬁles and
to visualize the results in a meaningful way. The data was analysed dur-
ing and after the ﬁeld tests to make possible corrections in the NXT-G pro-
grams. The general performance of the GPS sensor posed some difﬁculties
in visualizing the data in practice. Almost every session contained clearly
erroneous data points (e.g. location moved to North America), which had
to be manually removed from the data. Furthermore, the frequency in
which the GPS sensor would compute a new navigation solution seemed
at times lag or even halt. In static measurements, a typical data set con-
sisted of a few different constant coordinate pair solutions for hundreds
of iterations, and a far smaller number of solutions with variation. This
posed a problem when plotting the coordinate pairs, since the majority of
data points would stack onto a single value. Directly plotting these results
would give a false sense of variation in the data.
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8.1 Data processing scripts
Log processing
Since each of the programs used in the ﬁelds tests generates slightly dif-
ferently formatted logs, a Matlab script was written for each log type. For
further development, it is possible to streamline and automate the data
extraction process by combining the programs into a single ﬁle reading
interface. By adding an identiﬁer header (e.g. a different number for each
log type) in the NXT-G program before generating the log, it would be
possible to easily identify each log type. However, for the purpose of this
project, separate read scripts were adequate.
KML ﬁle generation
The acquired data can be then further analysed and processed with Mat-
lab. To visualize the data on a map, a Matlab script generating Google
Earth compatible kml-ﬁles from the latitude-longitude. Two versions of
the script was created: one generates a yellow line connecting the mea-
sured points, the other draws numbered red dots on each measured point.
The points are numbered based on the data log line, thus giving a tem-
poral representation of the data as well. The generated kml-ﬁles can be
stacked in Google Earth to get a numbered route representation of the
data. Separate scripts were created for GPSstat and GPSstat log types.
Coordinate frequency plot
As mentioned earlier in Section 8, the data had multiple duplicate data
entries, which complicated the visualization. To give a representation of
the frequency of the measured positions a Matlab script (statplot), gener-
ating a scatter plot of the data, was created. The script takes coordinate
pairs (in any system), a possible reference point, and centering parameter
as input. A weight based on the frequency of occurrence is given to each
coordinate pair. The unique coordinate pairs are coloured logarithmically
based on these weights. The colouring scale can be adjusted to suit the
data, but in this case a logarithmic scale was most suitable in order to
create desired dynamics. If coordinates for a reference point are provided,
the script computes the offsets to this point. The mean value for the po-
sition is also computed and plotted. This script is extremely useful when
estimating the level of scattering visually from the data.
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Coordinate transformations
To assess the measurement accuracy in meters, the geodetic coordinates
from the GPS sensor have to be converted to an Earth-Centered Earth-
Fixed (ECEF) system. Although there are numerous conversion services
online, it is more practical to make the transformations during the Mat-
lab analysis. This way it is easy to process practically an arbitrarily large
amount of data. The transformation formula from geodetic to ECEF sys-
tem is computed according to equations in (1).
X = (N(φ) + h) cosφ cosλ
Y = (N(φ) + h) cosφ sinλ (1)
Z = (N(φ)(1− e2) + h) sinφ
where (φ, λ, h) are the geodetic latitude, longitude and ellipsoidal height,
(X,Y, Z) are the ECEF coordinates, N is the radius of curvature in prime
vertical, and e2 is the square of the ﬁrst eccentricity. N is a function of the
geodetic latitude and it is given by (2)
N =
a√
1− e2 sin2 φ
, (2)
where a is the semi-major axis of the reference ellipsoid.
The conversion was implemented by writing two Matlab functions, geo2xyz
and curvature, corresponding to (1) and (2), respectively. Minimal input
for the geo2xyz is geodetic latitude and longitude. If no height from the
reference ellipsoid is provided, it is set to 0 for each coordinate pair. The
reference ellipsoid parameters are speciﬁed as input parameters to the
curvature function. In case no parameters are speciﬁed, the default refer-
ence ellipsoid is WGS84.
To better assess the variation in the position with respect to a local refer-
ence point, the ECEF coordinates have to be transformed to a local coordi-
nate system. This is done by translating the origin of the ECEF coordinate
system to the local reference point and rotating the XY coordinate plane
parallel to the local tangent. The coordinate transformation from ECEF
to local East-North-Up (ENU) system speciﬁed by the reference point R is
given by (3)
⎡
⎢⎢⎣
ΔE
ΔN
ΔU
⎤
⎥⎥⎦ =
⎡
⎢⎢⎣
− sinλR cosλR 0
− sinφR cosλR − sinφR sinλR cosφR
cosφR cosλR cosφR sinλR sinφR
⎤
⎥⎥⎦
⎡
⎢⎢⎣
X −XR
Y − YR
Z − ZR
⎤
⎥⎥⎦ . (3)
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8.2 Static measurements results
The results gathered from the static measurements in the ﬁeld tests were
varied. During testing there were some problems with the GPS sensor
losing signal sporadically and the some of results containing a large num-
ber of crude errors. In this section, the results of the static measurements
made on GNSS3 are studied in more detail. Based on the Engineering
Geodesy course results, the coordinates of the GNSS3 point were known to
a centimetre level of accuracy. This precision is more than adequate since,
as mentioned in Section 3, the accuracy of the GPS sensor was stated to
be 3 m. The tennis1 point was used as a starting point for the navigation
tests and was measured with the Trimble handheld device.
GNSS3 point
A static measurement of approximately 10 minutes using GPSstat was
carried out on the GNSS3 point. The reference coordinates for GNSS3
both in geodetic (WGS84) and ECEF coordinates are listed in Table 3.
Table 3. Geodetic (WGS84) and ECEF coordinates of GNSS3
X (m) Y (m) Z (m)
2885604.951 1333969.106 5510902.816
φ λ h (m)
60◦ 11′ 14.40244′′ 24◦ 48′ 37.24973′′ 22.412
To guarantee a good ﬁx as well as to use all of the memory space for
actual observations, the GPS signal was acquired approximately 20 min-
utes prior to the actual measurement. After the ﬁrst static measurement
the log ﬁle was exported and the robot kept in the same location to addi-
tionally measure satellite visibility, HDOP, and altitude.
During the 10 minute static measurement period a total of 487 solutions
were obtained for GNSS3. The data did not contain any crude outliers
and the signal was available for the whole observation period. Kml-ﬁles
generated from the data, viewed with Google Earth, are illustrated in
Figure 7. The GNSS3 point is also marked on the map with a labeled
yellow pin.
At a visual inspection, the position ﬁxes seems to vary around the GNSS3
point. When the data is plotted with respect to time, it is evident that a
large number of points have identical coordinate solution with each other.
The coordinates with respect to time are illustrated in Figure 8
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Figure 7. GNSS3 static measurement results kml-ﬁle in Google Earth.
50 100 150 200 250 300 350 400 450 500
60.187250 
60.187300 
60.187350 
60.187250 
60.187300 
60.187350 
60.187250 
t (s)
La
tit
ud
e 
(° )
50 100 150 200 250 300 350 400 450 500
24.810280 
24.810300 
24.810320 
24.810340 
24.810360 
24.810380 
24.810400 
t (s)
Lo
ng
itu
de
 (° )
Figure 8. GNSS3 latitude and longitude as a function of the robot clock.
To examine the obtained latitude and longitude in local ENU system,
the height of the GNSS3 point was used for all of the observations. The
geodetic coordinates were transformed to ECEF coordinates, which were
in turn transformed to ENU system with GNSS3 as the local reference.
The subsequent frequency plot for the data is illustrated in Figure 9.
GNSS3 point is marked with a red star and the mean of the observations
with a green star.
The standard deviations and RMS differences to GNSS3 point for the
coordinates are computed according to (4) and (5), respectively.
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Figure 9. GNSS3 static measurement in East-North coordinates. The coloured bar shows
the frequency of each solution. GNSS3 point is marked with a red star. The
green star is the mean position.
σ =
√
(
∑n
i=1(xi − x)2
n
, (4)
where xi are the observed coordinates and x is the observed mean.
RMSdiff =
√
(
∑n
i=1(xi −XGNSS3)2
n
, (5)
where xi are the observed coordinates and XGNSS3 is the corresponding
GNSS3 reference coordinate. In the case of ENU, the coordinates are al-
ready references to GNSS3, and the RMS difference is just the RMS sum
of the residuals to this value. The values are listed in Table 4.
Table 4. Mean, standard deviation, and RMS of residuals to GNSS3 point of E and U
coordinates.
E (m) N (m)
Mean 1.62 -1.01
Std. dev. 1.27 2.54
RMS 2.06 2.73
The ﬁgures and values show, that there is some bias in the observa-
tions, which show as larger RMS values with relation to standard devi-
ations. The mean position is relatively close to the true position of the
robot. Based on these results, the precision reported by the manufacturer
is achieved.
The measurement was carried out on 1st of November at approximately
18:30 local time. The measurement conditions regarding satellite visi-
bility and HDOP were examined with Trimble Planning Software and
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Figure 10. Satellite visibility on 2012-01-11 18:10-19:10 at GNSS3 point computed with
Trimble Planning Software.
Figure 11. HDOP on 2012-01-11 18:10-19:10 at GNSS3 point computed with Trimble
Plannig Software.
measured with the GPS sensor using GPSsats. The visibility graph from
Trimble Planning software is illustrated in Figure 10. The obstruction
from Tinnu ofﬁce building was approximated in the software with a block-
ing mask, which was visually added using the skyplot tool.
The HDOP graph from Trimble Planning Software during the measure-
ment is shown in Figure 11. The computed HDOP values indicate fairly
good conditions, especially in the beginning of the period, when the static
measurements were made.
The satellite visibility and HDOP values measured at GNSS3 with the
GPS sensor are illustrated in Figures 12 and 13, respectively.
The satellite visibility is in a relatively good agreement with the Trimble
Planning Software. The blocking mask estimation for the Tinnu building
might be too big, which could cause some of the visible satellites to be left
out from the graph. The HDOP values from the GPS sensor are mostly
1 with a larger values, probably due to a momentary reduction in satel-
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Figure 12. Visible satellites during approximately 18:40-18:48 at GNSS3 measured with
GPS sensor.
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Figure 13. HDOP during approximately 18:40-18:48 at GNSS3 measured with GPS sen-
sor.
lite visibility, which can be seen in Figure 12. However, since the HDOP
values output by the GPS sensor seem to have reduced accuracy, it is ques-
tionable whether these values have any merit estimating the true HDOP.
A better knowledge of the computation algorithm inside the GPS-X block
is needed to evaluate these values further.
8.3 Navigation test results
The results from the navigation tests, carried out on the tennis court, were
greatly inﬂuenced by the accuracy of the GPS sensor. Approximately 60%
of the total test runs ended with the robot ﬁnding an end point within
the tennis court. Most issues were seemingly caused either by some off-
set error, where the actual position observed by the robot would differ so
much with the true position, that the dimensions of the court were not
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adequate, and the test run would end when the robot drove out of the
ﬁeld. The same clustering of positions as observed with the static mea-
surements is also evident in the position data gathered during the navi-
gation tests. This would indicate, that the robot could not accurately and
fast enough determine the position in order to always reliably navigate to
the target destination. For most of the successful test runs, the true posi-
tion of the robot overshot the target destination, even though the arrival
threshold was set to be as large as 10 meters. However, the robot seemed
to be reasonably capable of determining the direction in which it would
have to travel. During testing, it would take approximately 5 to 10 sec-
onds for the robot the determine the travelling direction with seemingly
good accuracy. The initial orientation had no visible effect in the travel-
ling direction determination. Two of the successful navigation test runs
are examined in more detail.
Test run A
Figure 14 illustrates the position observed by the GPS sensor during test
run A. The start (tennis1), destination (dest), and true end location of the
robot (end1) are marked with yellow pins.
Figure 14. Test run A.
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Figure 15. Latitude and longitude during test run A.
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Figure 16. Distance to destination during test run A.
Visually the position seems to have a large variation, but as with the
static measurements, there are relatively long periods where the observed
latitude and longitude remain constant. Figure 15 show the development
of observed position during the test run. Figure 16 shows the distance
to destination during the test run. The target distance is marked with a
black horizontal line.
Figure 16 shows the slow and sporadic change in the distance to desti-
nation computed by the navigation block. There are two distinct peaks in
both position and distance graphs, which correspond to the GPS sensor ob-
serving clearly faulty readings. With relation to the destination position,
the true end position was approximately 12 meters off the target. This is
almost within the target area. The last observed robot position was ap-
proximately 17 meters off the true end position. The last observed robot
position was approximately 8 meters off the target destination, which is
very close to the last distance to destination (7 m) computed by the navi-
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gation block, which indicates that the halting condition for the navigation
module worked properly, but the error in observed position caused the
robot to end up in erroneous location.
Test run B
Figures 17, 18, and 19 show similar graphs for test run B. The graphs
show similar patterns as with test run A. In the beginning of the test run,
there is a period where the position solution varies signiﬁcantly in a short
period of time, affecting the distance to target as well. However, after the
initial erroneous movement, the position and distance patterns stabilise
and change logically while the robot navigates towards the destination.
With relation to the destination position, the true position of the robot
was 17 m off the target. The last observed robot position was over 31
meters off the true end position, which is much larger than with testn
run A. The last observed position with relation to the destination was
off by 14 m. It is likely, that the last position did not have time to update
before the navigation application halted, because the Figure 19 show, that
the distance to destination was for a long time approximately 14 meters
to the target before the last observed distance of 5 meters. Most likely
the navigation block functioned correctly and the difference between last
observed position and distance to target was caused by the halting of the
program.
Figure 17. Test run B.
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Figure 18. Latitude and longitude during test run B.
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Figure 19. Distance to destination during test run B.
8.4 Vehicle tracking and velocity test
Compared to the navigation tests, when the GPS sensor was driven by
a car with a much higher velocity, the resulting ground track was visu-
ally much more consistent. There were no signiﬁcant outliers in the data
and the ground track in general follows the road quite well. Figure 20
shows the logged route from Lommila to Veikkola, and from Veikkola to
Perkkaa. Figure 21 shows the point, where the logging ﬁrst starts at
Lommila. The route from the return trip is also visible. Based on visual
interpretation, the quality of the data is surprisingly good. The routes to
and from Veikkola follow the road quite well and are clearly on separate
lanes with correct orientation.
Figure 22 illustrates the velocity reading from a section on Turunväylä
taken from the trip to and from Veikkola. The black line represents the
mean velocity going to Veikkola, and the green line the mean velocity
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Figure 20. Lommila-Veikkola-Perkkaa route.
Figure 21. Route of the car following the road and visibly on correct separate lanes.
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Figure 22. Velocity reading on a section of Turunväylä going to and from Veikkola. Black
line is the mean velocity goign to Veikkola, and the green line the mean ve-
locity coming from Veikkola.
coming from Veikkola. The velocity readings are taken on the same part
of the road going both ways.
The mean values are listed in Table 5.
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Table 5. Mean velocity and std. dev. of velocity to and from Veikkola.
To Veikkola From Veikkola
Mean velocity (km/h) 96.21 96.38
Standard deviation (km/h) 0.73 0.92
The results from the velocity tests seem to be relatively accurate. Based
on the data, it is likely that the indicator error of the car is approximately
3-5 km/h.
9 Conclusions
Based on the tests the GPS sensor programmed with NXT-G performed
moderately well. The accuracy achieved in the static measurement was
within the accuracy reported by the manufacturer. However, the accuracy
was barely good enough for practical navigation. The amount of room
needed to even test the navigation and the subsequent poor performance
really limits the application possibilities of the setup. The NXT-G pro-
gramming language has its advantages, having moderately low learning
curve. However, the limits of NXT-G soon become evident. Even simple
programs require a lot of blocks and wires, which clutters the program-
ming view considerably and consequently require a large amount of mem-
ory space. Furthermore, especially with the third-party sensor blocks for
the GPS it would be useful to be able to access the GPS data directly. The
GPSRead and GPSNavigation blocks perform a number computations to
produce the position data and navigation data. The computation proce-
dures are not directly available, and thus there is a level of uncertainty
in assessing the reasons for the behaviour of the GPS sensor. This was
especially evident in the update frequency of the solutions, in which the
solutions for e.g. position and distance to destination seemed to stall to
a constant value for multiple iterations. For a more inclusive approach it
could be beneﬁcial to use some custom ﬁrmware and program the sensors
with one of the third-party conventional programming languages, instead
of a visual programming language.
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Abstract
The increased environmental awareness among societies calls for studies
of impacts of various commercially driven projects on wildlife and their
habitats. Researchers can equip animals with global positioning system
(GPS) technology to obtain accurate (less than or equal to 30 m) locations
that can be combined with sensor data to study animal behaviour and ecol-
ogy. This report provides an overview of the state of the art of GPS wildlife
tracking. The report reviews various wildlife tracking methods and how
they are being used in con-junction with the modern GPS techniques –
and how GPS has been integrated into functional wildlife tracking sys-
tems with data storage, data transfer, power supplies, packaging and sen-
sor technologies. The report presents alternatives for retrieving GPS data
from the tags carried by free-ranging animals by using dataloggers, radio-
frequency download systems (e.g. very high frequency), integration of GPS
with other satellite systems (e.g. Argos) and potential new data recovery
technologies. Finally, the report presents case studies of how commercial
GPS wildlife tracking applications are being used in ongoing projects.
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1 Introduction
In the 1960s, the Craighead brothers pioneered the ﬁrst use of radiocol-
lars to study terrestrial wildlife when they radiocollared the ﬁrst grizzly
bears and elk as part of their ground-breaking studies in Yellowstone Na-
tional Park [4]. Today, with the advent of animal-borne satellite collars,
tags and transponders, ecologists and even ordinary internet users sitting
at their desk can check the movements of many previously impossible to
study animals, such as ocean-going ﬁsh, migratory songbirds and long-
distance migratory mammals on Google Earth.
GPS wildlife tracking or GPS telemetry allows for a profound study of
relatively ﬁne-scale movement or migratory patterns of wild and free-
ranging animals. It is a process whereby researchers, natural resource
managers, conservationists and other interest groups can remotely ob-
serve an animal using the Global Positioning System and optional envi-
ronmental sensors or automated data-retrieval technologies such as Argos
satellite uplink, mobile data telephony or GPRS and a range of analytical
software tools.
Traditionally, the study of wildlife has been, to a large extent, the remit
of biological re-search with pure objective of furthering mankind’s knowl-
edge [5]. Originally the tracking data remained largely in use of the re-
search community. The modern web service technologies, however, have
enabled publishing some of the data also for the large audience. Currently
there are public web services all over the world promoting the educative
purposes of wildlife tracking. Such examples are the web map services
of the Finnish Museum of Natural History, where anyone may follow the
tracks of various satellite-tracked birds of prey. Links to maps and project
descriptions can be found on the museum’s web site1.
Today, environmental awareness and new regulations are pushing deci-
sion makers and societies at large to address issues such as conservation
of biodiversity and habitat fragmentation. This has raised the interest of
the commercial sector in wildlife tracking technologies. Large-scale alter-
ations of the landscape such as hydroelectric development, expansion of
agriculture and settlements and the cumulative effects of timber extrac-
tion over many years, have continued the demand for high-quality stud-
ies of impacts on wildlife and their habitats. Increasing human popula-
tions around the world force many species in-to unfamiliar environments
1http://www.luomus.fi/english/
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due to land use change and wildlife management actions (e.g. reintroduc-
tions and translocations). Trafﬁc and infrastructure planners often have
to carry out a study into the effects that projects could have on the local
wildlife frequenting the proposed location and may even have to mod-
ify their plans to suit the resident wildlife. Some years ago, there was
a debate of such a case in Espoo, Finland, where the occurrence of an
endangered ﬂying squirrel led to change in construction plans. Another
example of commercial interest is the study of behaviour of birds around
airports and the runway [5]. This is due to concerns over possible "bird-
strike" causing considerable aircraft downtime and possibly even danger
to passengers.
Habitat conservation and restoration efforts and the design of wildlife
corridors are often supported by data on animal movements. Movement
data of species commonly causing trafﬁc accidents, such as moose and
deer, may help design corridors for the animals to move between areas
without danger to trafﬁc and themselves. The Finnish Game and Fish-
eries Institute provides a web service for everyone to follow the move-
ments of satellite-tracked moose2. The data is published with a four-
week delay for the protection of the animals. This data is needed for
game management and protection plans. As another ex-ample, GPS data
from pronghorn antelope in Wyoming highlighted movement corridors
that were threatened by oil and gas development in a narrow migratory
pinch-point [4]. GPS tracking has also been applied in reindeer farm-
ing to track the animals and reveal knowledge of their pasture use and
other behaviour patterns. Tracking of wolves, bears and other predators
provides knowledge of the behaviour and movements of these species for
example close to human settlements increasing insights into mechanisms
governing human-wildlife encounters and conﬂict.
Knowledge of animal movements from GPS technology will also enable
researchers to understand mechanisms of climate impacts on populations
[4]. A compelling conservation example that harnesses the power of GPS
technology is a study of the effects of climate change on predicted distribu-
tion of polar bears in the next 50 years. As well as allowing in-depth study
of animal behaviour and migration, the high-resolution tracks available
from a GPS-enabled system can potentially allow for tighter control of
animal-borne communicable diseases such as the H5N1 strain of avian
2http://www.rktl.fi/riista/hirvielaimet/hirvielainten_
satelliittiseuranta/pannoitetut_hirvet_kartalla.html
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inﬂuenza.
A GPS-enabled device will normally record and store location data at
a pre-determined interval or on interrupt by an environmental sensor.
These data may be stored pending recovery of the device or relayed to a
central data store or internet-connected computer using an embedded cel-
lular (GPRS), radio, or satellite modem. The animal’s location can then
be plotted against a map or chart in near real-time or, when analysing the
track later, using a GIS package or custom software. While tracking de-
vices may also be attached to domestic animals such as pets, pedigree live-
stock and working dogs, wildlife tracking can place additional constraints
on size and weight and may not allow for post-deployment recharging or
replacement of batteries or correction of attachment.
This paper seeks to present an overview of the state of the art in the
area of GPS wildlife tracking. Section 2 describes background of wildlife
tracking techniques starting in traditional radio-telemetry. Section 3 con-
centrates in satellite tracking technologies - Argos and GPS. Section 4
discusses general issues of wildlife tagging, such as tag attachment to an-
imals. Section 5 focuses on integration of GPS and data retrieval systems.
Section 6 lists some commercial applications and describes two case stud-
ies, where they are being used in ongoing research projects. Section 7
wraps up the report in the conclusion summary reﬂecting the main issues
discussed in the paper.
2 Wildlife Tracking Technologies
This section discusses the background of wildlife tracking as well as var-
ious technologies used in the ﬁeld. Most of the described technologies
may currently be combined or integrated with GPS tracking, i.e. usage of
GPS tags, or at least there have been attempts to do so in the research
community. All technologies have their advantages and disadvantages
in certain application areas. GPS is becoming the state-of-the-art tech-
nology in wildlife tracking, but it’s application still presents problems, for
example related to data retrieval or GPS signal acquisition in harsh or ex-
ceptional environments, such as under-water. These shortcomings may, in
some cases, be alleviated by using the GPS tag in conjunction with other
technologies. These technologies may also be combined with each other.
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2.1 Radio-Telemetry
The beginnings of modern animal tracking technology were founded in
the late 1950s [5]. The ﬁrst form of electronic positional animal track-
ing is usually now referred to as "radio-telemetry" (also VHF-telemetry).
It describes a system whereby the animal is tagged with a transmitting
device and it is up to trained personnel to work out where the signal is
coming from. This is achieved by following the strength of the tag’s signal
until the animal is seen. Radio tags constantly transmit a radio signal at
a set frequency in the very high frequency (VHF) range (142 - 230 MHz)
[6]. Each tag transmits a unique radio frequency (e.g., 150.020, 148.800
MHz) used for distinguishing between different tagged individuals; these
signals are detected using a receiver. Both tag and receiver are equipped
with antennas, the size of which will determine the distance from which
the tag can be detected. Receivers can tune into different frequencies ei-
ther manually or automatically (using a programmable receiver).
The crudest systems emit an audible tone which changes depending on
how strong the signal is [5]. This method is not always feasible because
the animal may hear the observer approaching and move away, or the
terrain may be impassable. In addition, this tracking method is likely to
disturb and alter the tagged animal’s behaviour. Thus, re-searchers may
choose to obtain the location of a tagged animal indirectly, using triangu-
lation. Triangulation requires at least two directional bearings toward a
tag from known lo-cations [6]. The estimated location of the tagged animal
is based on the intersection of the bearings and determined through esti-
mation of the angle and distance to the transmitting tag. The distance is a
relative measurement referenced to the receiver(s) position. Bearings are
obtained using a handheld antenna, vehicle-mounted antenna, or anten-
nas on ﬁxed towers. The simplest way to obtain a bearing is to rotate the
antenna 360◦and record the direction in which the signal is the strongest,
using a compass. Just two intersecting bearings are needed to generate
an estimated location, but at least three bearings are needed to estimate
the associated location error (Fig. 1).
Radio-telemetry accuracy is highly dependent on the user, i.e. how well
trained the ﬁeld personnel are [5]. It is also very much dependent on the
distance between transmitter and receiver. Researchers usually, there-
fore, have to conduct ﬁeld trials in order to estimate the accuracy of their
chosen system in the environment in question (environmental conditions
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Figure 1. Triangulation to VHF tags. Two bearings might be enough for obtaining an
estimate of the animal’s location, but notice that different bearing pairs may
produce different locations (squares). Therefore, at least three bearings are
needed for estimating a more accurate location and its measurement error (star
-location and oval - error). [6]
will affect the signals and therefore the system’s accuracy). The tests may
also be required to ﬁnd out what range can be expected. The tests should
also be done using the same personnel who are expected to be undertaking
the data gathering for real as they are part of the system themselves.
When animals move large distances, are in inaccessible terrain, or many
animals need to be tracked at once, aerial tracking may be used [6]. With
small highly mobile animals, an ability to track from the air is often essen-
tial as terrain greatly reduces the ability to follow them for long periods.
The radio-telemetry tag devices are relatively simple and were therefore
easily reduced in size over the years, which has enabled tracking of ever
smaller species [5]. This is the biggest advantage of radio-telemetry over
the other systems: the transmitter that is attached to the animal can
be as little as 0.3 g - little enough to track small passerine birds, frogs,
bats and insects. Radio tracking has fairly recently been used to test
theories of how the magnetic compass is used in thrushes, to demonstrate
the presence of a magnetic compass in homing bats and to track migrating
dragonﬂies. In these experiments, animals were captured and ﬁtted with
radio transmitters. Upon release they were tracked with a combination of
ground and aerial tracking in order to follow their paths.
Radio-telemetry technology is what the scientiﬁc community has grown
used to over the decades, and there is a great deal of information about
radio tracking in the scientiﬁc literature [2]. However, the range require-
ments make the process of tracking an animal a very difﬁcult and often
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prohibitively expensive business. A few automated radio-telemetry sys-
tems have been developed, but, even for automated systems, VHF tech-
nology requires receivers to be close enough to the animals to triangulate
animal positions and therefore is not considered appropriate for global
tracking. Also, use of RF spectrum may be problematic in terms of licens-
ing. The physical size of the antenna required for optimal RF transmis-
sion can be relatively large and optimum positioning of an antenna on the
animal is often not practical.
The tracking equipment itself is relatively inexpensive, but tracking in
the ﬁeld may be-come very costly in terms of researcher time and fuel
costs, especially if aerial tracking is needed. Aerial tracking also includes
risks. In addition, if triangulation is used, locations might be inaccurate.
Terrain and vegetation cover can greatly inﬂuence signal accuracy be-
cause VHF signals may bounce off from hills, disappear in valleys, or be
absorbed by heavy forest cover. Nowadays, ecologists may combine GPS
and VHF units, and use the VHF units to validate the resource selection,
survival or movement models developed with more ﬁne-scale GPS data.
Integration of VHF technology with satellite tracking technologies will be
discussed more in the later sections.
2.2 Ultrasonic Tracking
In aquatic environments, radio frequencies (VHF) can be greatly distorted
and are hard to detect [6]. Therefore, tags for tracking aquatic animals
utilize ultrasonic frequencies (30-80 kHz, 75 kHz being the most popular).
These frequencies can be used only in fresh water environments. Track-
ing ultrasonic tags is similar to radio tracking, with the primary differ-
ence being that tracking is conducted by boat, or by using ﬁxed under-
water receiver stations, because the tagged animal is underwater. Water-
submerged antennas are often used to avoid signal distortion arising from
the transition between water and air. In addition, homing in on the tagged
animal, as described for radio tracking, can be used to position a boat or
an aircraft directly above the tagged animal. The ad-vantages and dis-
advantages of ultrasonic telemetry are similar to the ones mentioned for
radio tracking.
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2.3 RFID and PIT Tags
Radio frequency identiﬁcation (RFID) tags are some of the smallest tags
currently available [6]. These tags encode information electronically (e.g.,
tag ID) and transmit it via radio waves. RFIDs utilize a wide range of
frequencies (LF: 30-300 kHz; HF: 3-30 MHz; UHF: 300 MHz-3 GHz).
Higher frequencies allow the information on the RFID to travel further
using smaller tag antennas. Two types of RFIDs exist: active and pas-
sive. Active tags contain a battery that allows a constant transmission of
the information onboard the RFID. Passive tags do not contain a battery
and the information on them is transmitted only when in proximity to a
reader that "wakes up" the tag by sending an electronic pulse to charge-up
the tag. Because passive tags do not contain a battery, they can be very
small, but this small size comes at the expense of reading range. Pas-
sive RFID chips can be as small as 0.3 mm2; however, the read range of
such a chip without an antenna is only 2-3 mm, connecting an antenna to
the RFID chip increases its size (to several square centimetres) and read
range (depending on antenna structure).
Passive Interrogated Transponders (PIT) tags are glass-encapsulated
passive RFID tags that often utilize the low frequency range and can be as
small as 8 mm (read range of 20 cm) [6]. These tags are now widely used
in wildlife studies, especially when studying small mammals, ﬁsh, am-
phibians, reptiles, and insects. The tag is usually injected into the animal
(except for insects), thus enhancing its durability in the ﬁeld. Because
the read range of PIT tags is relatively short, the animal has to pass very
close to the reader for data to be gathered. This often allows studies only
on the presence/absence of an animal at a certain location (e.g., a nest site
or feeding station). Thus, animals that routinely use certain locations,
and study questions that rely on these locations would be good systems
for deploying PIT tags. Certain tracking systems can provide spatial in-
formation as well. For example, a series of readers along a river enables
researchers to record the movements of ﬁsh up and down the river.
The advantages of RFIDs and PIT tags are their small size and low price
[6]. These features increase the range of species that can be remotely
studied and reduces the ﬁnancial burden of tagging large numbers of in-
dividuals. Furthermore, the injection of PIT tags into to animal’s body
eliminates the need to attach external, potentially disturbing tags. How-
ever, the small size of these tags comes at the cost of read range. In ad-
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dition, while the tags are cheap, tag readers are expensive, and obtaining
many of them might not be feasible, thus limiting the number of read-
ing points available. In addition to ﬁeld use, RFIDs and PIT tags may be
implemented for tracking small animals in controlled lab environments.
Figure 2. A paper wasp tagged with a passive RFID. The tag shown is an insert of a PIT
tag, without the outer glass casing. [6]
2.4 Harmonic Radar
For tracking the ﬂight path of insects, some researchers have used radar
technology [6]. The insects are tagged with very small and lightweight
tags emitting super high frequencies (SHF) (3-30 GHz) that allow a radar
detector to distinguish the ﬂying insect from the background noise of mov-
ing objects (e.g., plants moving in the wind). These tags are extremely
light and small but the radar detectors are large, bulky, expensive, and
difﬁcult to move. Furthermore, tagged insects cannot be individually
identiﬁed, and radar error can be up to 7 m. Tracking insects using radar
is uncommon and little information is available about it.
Bird ﬂocks, ﬂying bat groups, and very large insect swarms can also
be detected using radar [6]. In these cases, the animals are not tagged
and the ﬂight patterns of the entire group are detected by radars used
for weather forecasting. This technique is used for tracking movements
of large animal groups at large geographical scales. Radar technology
does not allow distinguishing between individual animals or even between
species. It can often be difﬁcult to differentiate the signal of moving ani-
mals from background noise (e.g., clouds and vegetation).
2.5 Sensor Networks
Animals can be tracked in their habitat by a sensor network. In general,
sensor networks are systems in which numerous compute and sensing de-
vices are distributed within an environment to be studied. While some
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sensor networks have static sensor positions, other, dynamic sensor net-
works consist of mobile nodes and wireless communication between them.
It is possible to conﬁgure each of the deployed devices (e.g. large-mammal
collar) as a separate node in a mobile network [8]. The nodes then commu-
nicate with each other as links that are available on a speciﬁc schedule,
resulting in each device having stored location data from all other de-
vices current as of the last set of communications. When the behaviour
of the animals brings the devices into proximity with each other, remote
retrieval of data from all marked animals depends only on querying one
device rather than all the network nodes. This approach has been used on
a limited basis with zebras in a pioneer ZebraNet project by the Prince-
town University3. ZebraNet consists of sensor nodes built into collars on
zebras which take positional readings using a GPS unit and propagate
them from zebra to zebra until infrequent communications percolate data
to base stations. Hereby the collars operate as a peer-to-peer network to
deliver logged data back to researchers.
[3] present a distributed wireless sensor network system designed to
monitor European badgers and environmental conditions in a dense wood-
land environment. GPS receivers function poorly in densely wooded ar-
eas. Therefore information on badgers’ movements and social interac-
tions is usually gathered by on-site, night time observation, VHF radio-
telemetry, and by remote video surveillance. All these methods are labour
intensive and expensive. E.g. VHF tracking requires at least two peo-
ple to get accurate location information on the animal, and it is not often
practical to track multiple animals simultaneously.
This wildlife tracking installation was made up of three components.
The ﬁrst consists of active RFID transmitter tags embedded within a
small light-weight collar designed to have minimal impact on badger be-
haviour. They are monitored by a second component consisting of a col-
lection of ﬁxed RFID receivers, referred to as detection nodes that are
distributed throughout the woods at key locations close to known bad-
ger setts and latrines. The third component further complements the as-
sembly by providing a bed of ﬁxed sensor nodes that are deployed within
badger foraging areas to monitor micro-climatic conditions - temperature
and humidity in the same area - and their effect on species migration and
mobility patterns. Sensor nodes and detection nodes were all connected
through the same network. The network also included a single solar pow-
3http://www.princeton.edu/~mrm/zebranet.html
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ered gateway with cellular connectivity, which was located conveniently
for 3G coverage and for its own maintenance. As it had cellular connec-
tivity, it could relay data instantaneously to the end users. Sensor net-
works require the tracked animals to move within fairly strictly deﬁned
boundaries and won’t be discussed in more detail in this report.
3 Satellite Tracking
In the 1980s a breakthrough was made in animal tracking technology
with the emergence of satellite tracking systems such as Argos [5]. A
great advantage of satellite tracking is that animals can be tracked under
all weather conditions, and at all times of day. Furthermore, once the
tag is attached, there is no need to follow the animals in the ﬁeld, thus
greatly reducing the expenses of ﬁeld work. This point is particularly
important for long-ranging animals, such as migrants that can travel from
pole to pole. This section introduces the application of Argos and GPS in
wildlife tracking. New global navigation satellite systems (GNSS) are
emerging, with the potential to be used in animal positioning. However,
at the time of writing this report, no published scientiﬁc articles on their
usage seemed to be available.
3.1 Argos
The Argos satellite system has been operational since 1978. The Ar-
gos DCLS (Data Collection and Location System) is carried onboard the
National Oceanographic and Atmospheric Administration (NOAA) low-
earth-orbit (LEO) satellites and the European Organization for the Ex-
ploitation of Meteorological Satellites (EUMETSAT) MetOp-A satellite,
and will be carried on other LEO satellites to be launched by other coun-
tries [8]. Argos system used to be the state-of-the-art technology in the
animal tracking ﬁeld before GPS and it has been used extensively for sci-
entiﬁc research involving wildlife tracking [5]. It may now be a thing
of the past in some other application ﬁelds, but in wildlife tracking Ar-
gos still remains in use parallel and in conjunction with GPS. The most
important reason for this is the data retrieval issue of using GPS tags:
archival tracking units utilizing GPS geolocation usually need to be re-
trieved either by removal at recapture of the animal or by recovery of a
self-release collar/harness bearing the tag. This may be ﬁne for a homing
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pigeon, which returns to its loft, or seabirds, which return to a nest after
foraging (although the occasional non-appearance of an animal at the end
of an experiment may explain a certain reluctance to use these expensive
devices), but it is not ﬁne for a small migrating bird which would have to
be re-caught at the end of its journey.
Argos presents many advantages as a data transfer system, including
worldwide coverage. A key advantage Argos offers is the capability for
sending data from the device directly to the user on a global basis. The
Argos system can provide supplemental sensor data (e.g. temperature, ac-
tivity) and positions based on Doppler measurements of the Argos trans-
mitter’s uplink frequency. Although these positions are often less accu-
rate (hundreds of metres to kilometres), they provide a backup to GPS
positioning. Argos is therefore used as a data transfer system for animal-
borne GPS, which has resulted in the development of Argos tags carrying
GPS receivers. This kind of hardware interfaces GPS quality estimates of
location and the data-relay capabilities of the Argos System. Argos-use in
GPS data transfer is discussed in more detail in Section 5.2. The general
Argos system functionality is summarized below4:
1. Platforms (Platform Transmitter Terminals, PTT) send signals
to satellites. A platform refers to any equipment - device or tag - in-
tegrating an Argos-certiﬁed transmitter. Each platform is character-
ized by an identiﬁcation number speciﬁc to its transmission electronics,
which enables distinguishing individual animals. A platform transmits
periodic messages characterized by the following parameters:
• transmission frequency (401.650 MHz ± 30 kHz), which must be sta-
ble as the location is computed on the basis of Doppler effect measure-
ment,
• repetition period, which is the interval of time between two consecu-
tive mes-sage dispatches, varying between 90 and 200 seconds accord-
ing to the use of the platform,
• platform identiﬁcation number,
• all collected data, which may include data recorded by other devices
4http://www.argos-system.org/html/system/how_it_works_en.html
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attached to the Argos-tag such as a GPS, pressure sensor and others.
The transmission duration of each message is less than one second.
2. Polar orbiting satellites collect data. Polar orbiting satellites ﬂying
at an orbit of 850 km above the earth pick up the signals and store them
onboard and relay them in real-time back to earth.
3. Receiving stations relay data from satellites to processing cen-
tres. Over 40 antennas located at all points of the globe collect the data
from satellites. Data are either received in real-time by a regional an-
tenna in the satellites’ path or stored onboard and relayed to the nearest
global antennas. Today, most of the globe is covered by the real-time an-
tenna network.
4. Processing centres collect all incoming data, process them and
distribute them to users. The satellites transmit the data to a receiv-
ing station on the ground which in turn sends the information to a pro-
cessing center [6]. There are two global Argos processing centres, one in
France and one in the USA. Once the data arrive at a processing center,
locations are automatically calculated and information made available
to users. The processing center consolidates the data and prepares them
for presentation to the end user.
5. Argos users around the world receive data. Argos users around
the world receive data directly in their ofﬁce or on-site, depending on
their choice (email, fax, web, cd-rom, or directly on mapping software).
Argos tags are often deployed on marine and migrating animals [5]. Also
large birds (over 300 g weight) such as albatross have been Argos-tracked
on their migratory journeys and the data remotely downloaded via the
satellite. Argos-tracked marine species include loggerhead turtle, mana-
tees, Paciﬁc walruses and Greenland sharks. When aquatic animals are
deep in the ocean, the satellites cannot receive the UHF signal [6]. There-
fore, PTTs for aquatic animals are often equipped with a device that acti-
vates them only when the animal surfaces, thus preserving battery power.
This may reduce the number of locations per day that can be obtained for
these animals.
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Figure 3. Argos system: 1. Transmitters on animals or objects relay pulses of data; 2.
Passing satellite collects data and measures signals’ frequencies; 3. Satellite
relays data to terrestrial receiving stations; 4. Processing centre processes data
and determines positions; 5. Researchers view information via email, web-
site or ’virtual globe’. [Source: http://news.bbc.co.uk/2/hi/science/nature/
6701221.stm]
Drawbacks of Argos include its inefﬁcient use of electrical power due
to the PTT transmitting without knowledge of whether there is an Ar-
gos satellite in view. The Argos system is expensive to operate for the
user. Because PTTs use a very speciﬁc frequency, manufacturers are un-
der stringent technical constraints. As a result, PTT tags are larger and
more expensive than VHF tags [6]. On top of the purchase of the PTT
it-self, there are service charges which were typically around $20 per day
in 2009. Argos location accuracy varies (from 250 m to 1.5 km error) de-
pending on the number of ﬁxes the satellite obtained when passing over
the tagged animal. In addition, the number of locations obtained per an-
imal depends on its position around the world. At the poles, a tag can be
detected up to 14 times a day, but this number declines at lower latitudes.
Collecte Localisation Satellites (CLS), who manage the Argos system
(http://www.argos-system.org), is currently upgrading its satellites to the
new Argos-3 standard, which is capable of two-way communication with
tags and ﬂoats [1]. The two-way in-formation will allow the Argos sys-
tem to inform tags when a location has successfully been collected. More
importantly, tags will be able to passively listen for satellites over-head
and only transmit when they detect a satellite. This should allow much
more rapid location observations as a ﬁxed repetition rate will be unnec-
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essary, decreasing for example the time marine animals need to remain on
the surface for successful location acquisition. Presently, the two-way re-
ceiver is too large and consumes too much power to be practical for animal
tracking. However, technology advances might make some two-way appli-
cations possible for future wildlife studies, thus enabling further trans-
mission and battery life efﬁciencies.
3.2 GPS
GPS is becoming more and more prevalent in the bio-tracking community
[5]. It has become the de-facto standard method for determining position
in so many applications due to its accuracy and near constant availabil-
ity. The major beneﬁt of GPS is that it offers truly global coverage. There
are, however, major challenges to getting GPS tagging technology to oper-
ate in many animal tracking environments. Many wildlife species live in
extreme environments and expose instruments to levels of shock and ex-
treme temperatures beyond the range of conditions typically experienced
by electronics carried by humans [8]. Applying GPS to wildlife tracking
applications requires many innovations. Marine species spend their lives
in salt water that blocks VHF and UHF transmissions and GPS downlink
signals, only exposing a receiver or transmitting antenna for a short time
when the antenna is above the surface. The requirement for unattended
long operational life of 6 months to several years is critical to wildlife ap-
plications and seldom a commercial requirement. Under ideal conditions,
GPS tags could collect hundreds of locations per day and high-quality data
on animal-habitat interactions anywhere, but this must be balanced with
power consumption and/or satellite bandwidth [1].
GPS units automatically record the animal’s location at ﬁxed, prede-
termined, time intervals and store the data onboard the unit [6]. The
frequency at which locations are obtained will determine the battery life
of the unit and therefore the tracking duration. Efforts to conserve bat-
tery power and memory space and offer new data streams have led some
manufacturers to default their units so that they collect locations during
only a fraction of the day [1]. However, as demonstrated in several sur-
veys, this can result in signiﬁcant signal loss and otherwise observable
and potentially important behaviours become undetectable. There have
been several attempts to solve the issue of battery power, including tags
that integrate solar cells to enable the recharging of a battery.
By its nature, GPS technology does not perform well in harsh environ-
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ments [6]. GPS units must have a clear view of the sky to enable com-
munication with the GPS satellites. Heavy vegetation cover (e.g., thick
forests) and aquatic environments may distort or disable the use of a GPS
unit. Conventional GPS processing often relies on the reception of unin-
terrupted signal for many seconds before a position ﬁx can be determined.
Minimizing time to ﬁrst ﬁx (TTFF) has been critical for animal tracking
be-cause the receiver is usually turned on and off over time to minimize
current consumption and extend system life [8]. Today, TTFF after start-
up is typically 30 s or less with a good antenna and clear view of the sky.
This still presents major problems in areas such as marine environment
where wave wash over the antenna poses a signiﬁcant hurdle to conti-
nuity of received signal [6]. Occasional breaks in the signal due to wave
wash make the decoding of signals very difﬁcult. A team at the Dun-
staffnage Marine Laboratory, Scotland, devised an algorithm for piecing
together the fragments of the signal, as they were acquired, in order to
obtain the signal length required for a position ﬁx. Although this proved
to be successful through some simulation tests, it does involve some in-
tensive processing and relies on relatively long signal acquisition times
due to the receiver having to wait to receive sufﬁcient fragments. Diving
animals also spend variable amounts of time underwater. This requires
using wet-dry sensors to prevent underwater transmissions that would
waste battery power [1]. In addition, power can be saved by program-
ming tags to transmit only during certain periods of the day, shut down
completely, or transmit less frequently at the "slow rate".
A number of other sources of signal disturbance may inﬂuence GPS data
quality [2]. These errors may concern the satellite clock or the effects of
the terrestrial atmosphere (particularly the ionosphere and troposphere),
which slows down and deviates the satellite signal. Satellite constellation
is also important because too few satellites or grouping of satellites in the
same sector can lead to erroneous ﬁx locations. The immediate environ-
ment of the receiver (habitat, topography, weather) can also affect data
quality by generating screen or multipath effects. Finally, it is supposed
that the behaviour of the target animal (e.g., locomotion, feeding, hiding)
may inﬂuence the probability of obtaining a ﬁx, as well as its quality.
Hence, each ﬁx has an associated, but unknown, level of error, which may
be predictable to a certain degree, given the appropriate information. An-
other type of error that plagues GPS telemetry in addition to spatial in-
accuracy of the locations acquired are missing data in the form of failed
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location attempts. The combined effect can lead to mistaken inferences on
animal spatial behaviour, especially those involving movement paths and
habitat selection.
GPS technology was pioneered on large vertebrates, such as GPS-collared
elephants, moose and bears carrying fairly large receivers [2]. The size of
the de-vices is decreasing, however, and each decrease in size increases
the range of animal species for which they are available. A US company
Telemetry Solutions is even advertising GPS data loggers starting at just
2 grams that are already being produced in large quantities just for bats5.
The reality is, however, that majority of the GPS, like Argos tracking tech-
nology, is still too large to track bats, small birds and insects [6]. Advances
in GPS have been commercially and military driven and wildlife biology
is apparently not a productive enough avenue. Another problem is that
if ﬁx-success rates (the ratio of observed ﬁxes to the number attempted)
and the accuracy and precision of location estimates are dependent on the
surface area of GPS antennae, collars with much smaller antennae may
exhibit substantially poorer performance. Furthermore, in areas where
vegetation or terrain obstruct reception of satellite signals, the behaviour
and movements of smaller animals may also reduce GPS performance.
Smaller animals may have greater tendencies or opportunities to enter
tree cavities or other places where reception of transmissions from GPS
satellites is impossible.
A signiﬁcant drawback to the GPS system is that locations are calcu-
lated by the tag rather than the satellite system, and each GPS location
collected requires a fair amount of data [5]. Processing these data on-
board requires considerable battery power, although these data can be
stored and processed later. This is still problematic, because tags must
be physically recovered to collect the track or data from which locations
are calculated must be sent via limited satellite bandwidth. Thus, collect-
ing high resolution GPS tracks is limited to situations where tags can be
recovered and logged data downloaded from recovered tags.
In addition to a GPS unit, other sensors can also be attached to tags
for collecting information about the environment and the animal’s phys-
iology [6]. Sensors may record water salinity, pressure, air and body
temperature, heart rate, and activity. Having constant availability of
the position data is essential in order to study biotelemetry as a corre-
lation between physiology and position (and perhaps velocity) is a time-
5http://www.telemetrysolutions.com/track-wildlife/gps-for-bat.php
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critical task. There was some research done that involved integrating
EEG (electroencephalography) with GPS on pigeons. Marine animals are
often equipped with pressure sensors to provide information on the ani-
mal’s swimming depth, which is an additional spatial measure. The study
of social behaviour can also beneﬁt from these devices. For example, mi-
crophones attached to tags record vocalizations, and recently developed
proximity loggers record instances and duration of social interactions be-
tween tagged individuals. These sensors provide additional useful and
interesting data on the tagged individuals and by collecting data auto-
matically, they can reduce the time required for behavioural observations
[6]. However, the more sensors placed on the tag, the heavier and larger it
will be. These additional datasets can also often add to the problem that
there has to be a method for extracting the data from the tag.
Despite the great challenges, no other currently available technique
can match the accuracy and efﬁciency of GPS telemetry in environments
where it is suitable, especially for description of movements at ﬁne spatial
and temporal scales. Numerous studies have concluded that GPS teleme-
try is cost-effective due to its low operational expenses. It must be kept
in mind, however, that wildlife tracking always includes a risk of loss of
devices or failure due to other causes such as death of the tracked animal.
Sections 4-6 of this report will concentrate in discussing issues of GPS
wildlife tracking in further detail.
4 Wildlife Tagging
There are many methods for gathering tracking data remotely. All meth-
ods reviewed in this report involve afﬁxing a tag to an animal and tracking
the signals emitted from the tag, or downloading data stored on a tag. A
tag may contain more than one type of tracking mechanism [6]. For ex-
ample, a GPS recording tag can also be equipped with a VHF transmitter.
The suitability of each tag type will depend on the study species, habitat,
and the study aims.
The study objectives will guide how many animals and which individ-
uals should be tagged, at what time of year they should be tagged, and
the duration of the study [6]. It is important to carefully design a track-
ing study to ensure that the data collected will actually address the study
questions. Animals must be captured and sometimes anaesthetized to
allow the attachment of a tag. Capture equipment and anaesthesia can
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be costly. Capturing an animal can be difﬁcult and time consuming; it
might take several days or even weeks to locate and capture an appropri-
ate individual. Anaesthetization can be risky for the animal and should be
conducted in consultation with a veterinarian or other experts. For some
animals, anaesthesia could be more risky than the stress of being tagged
while awake. A variety of local, national, and institutional regulations
and laws will apply to most capture and tagging procedures.
The rule of thumb used by most researchers allows for tracking devices
that weigh less than 5% of a terrestrial mammal’s body weight and less
than 2% of body weight for birds and bats [6]. Aquatic animals can carry
slightly heavier weights, but the tag’s effect on their hydrodynamics is
usually the confounding factor. Battery weight usually contributes the
most to device weight, and is positively correlated with the tag’s life span
and thus with the study duration. GPS and PTT ﬁxes require consider-
able battery power, leading to a negative correlation between the number
of GPS or PTT ﬁxes and the tag’s life expectancy. The development of
solar-powered PTT and GPS units may increase tag life span. It is also
important to match the battery life with the longevity of the attachment
method. It makes little sense to invest in a large tag that can last for 2
years if the animal can remove it after 1 week.
Finally, once the study is completed, the tags should be removed to en-
sure the animal’s well-being [6]. Tags are often deployed for short periods
of time, but may adversely affect the animal if left on for too long. Drop-
off mechanisms and pop-off units are one way to achieve tag removal, but
animals may need to be recaptured and even anaesthetized for removing
their tag. It may not always be possible to remove the tag at the end of
the study, but every effort should be made to do so. As a practical consid-
eration, many tags can be refurbished and reused, thus reducing the cost
of tracking in future studies.
4.1 Tag Attachment
There are many ways to attach tracking units to study animals [6]. Re-
searchers seek attachment methods that minimize interference to an an-
imal’s activities but ensure that the units remain on until the end of the
study.
Collars are the mostly used attachment method for tracking terrestrial
mammals [6]. They attach the tag around the animal’s neck. Collars
should be loose enough to allow an animal to swallow but not so loose
Tanja Kantola: GPS Wildlife Tracking
281
that it gets hung on vegetation. The space left between the collar and an
animal’s neck usually follows some rule of thumb speciﬁc to the species.
Animals whose necks are larger than their heads (including many birds,
reptiles, and amphibians) cannot be ﬁtted with collars and are instead ﬁt-
ted with harnesses [6]. A harness is mounted on the animal’s body like
a backpack. Tags can also be sewn into the shaft of a bird’s tail feath-
ers. The tag then falls off with the feather when it molts; therefore, this
attachment method is usually for a short time period.
When collars and harnesses will not work, because of the animal’s body
shape, or the environment, glues such as epoxy, cyanoacrylate (super-
glue), or eyelash glue may be used [6]. It is important to ensure the glue
does not cause skin irritation. Glues are commonly used to attach tags
to aquatic animals, crustaceans, reptiles, in-sects, and some birds. PIT
tags and very small radio tags can be implanted in the animal [6]. Im-
plantation can be carried out through injection, ingestion, or incision. An
incision will require anaesthetizing the animal and keeping it under su-
pervision for a few days after the surgery. Ear tags and leg mounts are
two additional less commonly used attachment techniques.
5 Integrating GPS and Data Retrieval Systems
Animal-borne GPS systems are not simple hand-held GPS receivers that
are strapped on to the animal. The manufacturers of biotelemetry devices
integrate the GPS receiver as they would any other sensor into a complete
system for deployment on wildlife [8]. The workhorse of all wildlife GPS
systems is the micro-power data acquisition/controller (MDAC; Fig. 4).
The MDAC manages the entire application to achieve a functional system
by controlling numerous individual tasks, which may include:
- Turning on and off the GPS receiver, sensors and data transfer com-
ponents to manage the energy budget and acquire positions at sam-
pling times appropriate for the research goals. Often samples are
taken under complex scheduling regimes (sometimes termed duty
cycles) that can be programmed to change over the course of the
year or study.
- Interfacing via signal processing with onboard sensors, collecting
and storing data to memory (e.g. activity, temperature, dive data).
- Providing an interface so the user can program parameters and down-
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Figure 4. Block diagram showing the components of a GPS positioning and data collec-
tion system suitable for deployment on animals [8]. Note that many of these
components were designed speciﬁcally for these applications.
load stored data.
- Controlling a VHF beacon that transmits a pulse rate (not GPS-
based location data), which indicates that the GPS unit is operating
correctly.
- Controlling a VHF beacon to report mortality events.
- Controlling the seasonal duty cycling of the VHF beacon and the
means to relocate the collar for recovery and refurbishment.
- Managing the VHF beacon to avoid interference with GPS signals.
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- Managing the wireless data transfer in those units equipped with
that technology.
System and information management by the MDAC allow for the gath-
ering, organization and storage of data. The next step is conveying the
data to the user. Many data retrieval systems have been developed to
meet various study circumstances, including reducing the potential dis-
turbance to animals.
5.1 Store Onboard Systems – Manual Retrieval
In some applications, GPS data can be acquired and stored in the unit and
then downloaded from the memory when the unit is recovered [8]. These
systems can store GPS-based locations, pseudoranges or digitized GPS
signals along with other sensor data (e.g. activity, dive information, tem-
perature) and are often called store onboard (SOB) systems or ’archival
tags’ [5]. This kind of units do not offer any technical solution to data
retrieval, but are suitable for certain species. For example, many species
have an element of predictable behaviour, such as nesting, where the bi-
ologists can be conﬁdent of being able to re-capture the animal to retrieve
the tag.
Historically, systems developed for terrestrial animals stored GPS-based
locations and over time added sensor data, whereas systems developed for
marine applications stored sensor data (e.g. dive information) and have
over time integrated GPS-based locations. Both disciplines have bene-
ﬁted from obtaining both sensor and positional data to provide a deeper
understanding of the biology of the animal. SOB units can be in the ﬁeld
several years before any data are recovered. SOB is less expensive than
incorporating a wireless data transfer system, but there is the risk that
the unit is not recovered and the data are lost. The development of acces-
sory devices, such as programmable release mechanisms and the integra-
tion of VHF-tracking beacons, has increased the likelihood of recovering
SOB units. The drop-off device is scheduled to detach a tag at a predeter-
mined time, and the researcher is left to ﬁnd it [6]. Having a VHF unit
on such tags is useful for successfully locating them. After detaching from
aquatic animals, tags ﬂoat to the surface and can either be retrieved by
the researcher or the data can be remotely downloaded through a satellite
link.
In the mid-1990s, the ﬁrst SOB units stored only about 1000 positions
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in their limited memory [8]. Now, inexpensive, highly dense non-volatile
memory in micro-miniature packages allows saving greater amounts of
GPS and sensor data. User-friendly programming software allows inde-
pendent duty-cycling of sensors and complex sensor-sampling schedules.
The large capacity of datalog memory enables some sensor sampling rates
near 1 Hz. Generally, current GPS-SOB systems can store about 12 000
GPS-based locations in 0.33 MB of memory powered by a single D-cell-
sized primary lithium battery [8]. It is not uncommon for GPS subsys-
tems to have 8-16 MB of memory, and much more could be added. In fact,
most GPS systems are not memory-limited at all; the operational life is
limited by the battery capacity, which is largely used to collect GPS po-
sition data, sensor data and housekeeping functions. Very little energy
is used to download data as this occurs only after the unit is recovered,
making SOB most efﬁcient for maximizing GPS location and sensor data
collection.
Another advantage of this approach is that it is not restricted by the
bandwidth of any communications channel [5]. It can also be efﬁcient in
terms of power as there is no requirement for transmission over distance.
No real-time updates are possible either and therefore you could have the
case where researchers have tagged animals for a trip duration exceeding
a year (or more) and they will have no idea where the animal has gone
(and whether it is even still alive) until they successfully re-capture the
animal after a very long period of time. This problem is often addressed
by adding another simple radio-telemetry-style beacon to enable the re-
searcher to periodically estimate the animal’s position. That is only an
option, of course, if weight constraints allow for it.
Some potential problems with manual data downloading in addition to
inability to recapture the animal, include failure of the drop-off mecha-
nism, inaccessibility to the drop-off location, or inability to ﬁnd the tag [6].
For these reasons, GPS units should be deployed along with VHF / PPT /
Ultrasonic units to allow tag retrieval. These other tracking devices can
also be used for obtaining spatial data at a lower temporal resolution, as
backup for GPS failures.
5.2 Remote Data Retrieval
Remote download permits multiple data downloads throughout the study
period, allow-ing adaptive management decisions and troubleshooting of
data acquisition rate [6]. Furthermore, remote downloading eliminates
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the need for recapturing an animal or depending on unreliable drop-off
mechanisms. It also eliminates the challenge of ﬁnding a dropped tag in
dense vegetation. In fact, several countries are developing ethical regu-
lations to ensure that the interference with animals will result in actual
data reception by researchers [8].
Remote data transfer techniques can be incorporated to send data at
regular intervals or near-real-time, especially for some applications that
use recent data as a basis for implementing additional ﬁeldwork such as
ﬁnding a nest, den or predation site, or for adaptive management when
animals begin using a certain area. Most GPS systems with data trans-
fer technology also retain location and sensor data as an SOB, so that
data can be down-loaded if the unit is recovered. This provides a backup
dataset should the remote transfer become inoperable while on the ani-
mal.
VHF Beacon Data Transmitter
A special version of the conventional VHF beacon is used to encode GPS-
based location data on the VHF beacon data transmission [8]. This data
transfer method has the advantage of using a beacon, which normally is
used for locating the animal, already onboard the system. Small amounts
of data can be continually transmitted during ’on periods’ of the VHF
beacon data with little additional current consumption. However, power
source restrictions do limit the VHF beacon data transmission to a nar-
row bandwidth and thus a very limited data rate. Systems using this ap-
proach can take upwards of 7 s to transfer a single GPS-based location and
45 min to transfer approximately 180 positions. Long upload sessions and
the possible requirements for re-establishing communication if the link is
disrupted might result in excessive disturbance and disruption of normal
behaviour of the subject animal. Furthermore, with ever-increasing vol-
umes of data from GPS systems, this approach is limiting when compared
with other data transfer technologies and highly subject to noise interfer-
ence. This VHF system is suited for situations in which small amounts
of the GPS data are required in real time, while the remaining data can
await downloading from the recovered units.
Radio Modem Technology
Modems MODulate and DEModulate data, and can use different seg-
ments of the radio-frequency spectrum and modulation technologies [8].
Among these technologies is single-channel narrow-band frequency mod-
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ulation (FM). FM transceivers are commonly used to recover data from
remote-ﬁxed site instruments. In animal applications, single-channel FM
modems are subject to problems such as interference on a selected chan-
nel. Also, unrestricted movement of instrumented animals means they
must be classiﬁed as mobile systems, limiting the number of systems that
can be deployed in a given area. Additionally, single-channel FM data
modems require individual frequency allocation and licensing. Neverthe-
less, single-channel modem technology has proven useful for some wildlife
applications.
A solution to minimize interference is found in spread spectrum technol-
ogy (SST) [8]. SST allows data packets to be spread over many frequen-
cies either through a technique called direct sequence coding or through
frequency hopping. Using frequency hopping, the data packets are trans-
ferred on different frequencies in a pseudorandom manner. Packets trans-
mitted on a frequency that experiences noise or interference are noted as
damaged or missing and then retransmitted on another frequency that is
probably free of the interference. Many SST units can successfully trans-
fer data in an area, and even areas that contain single-channel narrow-
band FM units. SST is well suited for mobile applications like animal
tracking, where chance encounters with other devices are expected. This
technology also allows the user to operate unlicensed at power levels up to
1 W, which makes long-range data recovery from the ground or to aircraft
possible.
Current SST systems optimize bandwidth and modulation to achieve
high-speed data transmission and long-range performance (e.g. recover-
ing 15-30 GPS-based locations per second) [8]. The download sequence
is initiated by an SST transceiver connected to the researcher’s laptop
computer. However, the animal-borne radio modems cannot be in the
receiving mode continuously; they must be duty-cycled to minimize cur-
rent consumption. Typically, there are preprogrammed schedules at times
when the re-searcher can be present to download the data. The line-of-
sight range of the system is typically 1.5 km ground-to-ground and ap-
proximately 6-10 km to a transceiver in an aircraft.
The GPS-SST system uses substantially less power (typically less than
5% of the power budget is used for data transfer) than some other alter-
natives like Argos when large amounts of data must be transferred [8].
The protocol effectively and automatically recovers missing data packets
to form a complete dataset over the speciﬁed time frame. The SST system
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also has the advantage that in addition to downloading data on command,
the two-way link can be used to adjust the duty cycle, sampling rates or
other functionality of the GPS-SST system.
Argos DCLS
Sometimes the data extraction problem is addressed by use of Argos (see
Section 3.1). Even though Argos is less capable than GPS in terms of
accuracy and availability, it does offer one major advantage: the ability
for the tag to transmit its position back to the user. This could be either
the relatively poor quality Argos estimate or the payload data that is sent
back could contain GPS position data. Figure 5 illustrates the approach
for sending GPS positions via Argos. GPS positions are recorded in the
transmitter and sent via the Argos system. Using GPS in addition to
Argos allows users to:
• Have two location systems in one,
• Acquire positions as often as wanted,
• Obtain highest accuracy (10 meters) without inﬂuence from transmitter
quality,
• Spread positions evenly throughout the day.
Figure 5. Sending GPS positions via Argos. [Source: http://www.argos-system.org/
html/system/how_it_works_en.html]
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Argos system allows the use of low-power transmitters (100 mW to 1 W)
with small omni-directional antennas [8]. Current Argos systems spec-
iﬁcation and sophisticated data compression in the animal-borne units
enable transferring about 24-48 GPS-based locations per day from collar-
mounted units on medium- to large-sized animals, and up to 6-10 GPS-
based locations from smaller avian units. Number of possible position
transmissions is small, because the Argos bandwidth is very restrictive.
Data can be recovered as frequently as daily; however, intensive use of
the transmitter is a signiﬁcant drain from the limited energy budget of
an animal-borne unit, and thus limits the number of GPS-based locations
that can be acquired. A well-planned data recovery schedule must be
established to balance data collection and data recovery operational life.
The Argos transmitter also requires signiﬁcant power which places more
demand on the battery and could therefore also impact size and weight.
The GPS reception and Argos transmission schedule is especially im-
portant when radio-marking birds, for which the mass of the unit is usu-
ally restricted to 3 to 5 per cent of the bird’s body mass [8]. Recent de-
velopments allow the GPS data in the animal-borne Argos-GPS unit to
be used with onboard orbital prediction programs enabling transmissions
only during satellite overpasses. This increases data transfer and power
efﬁciency for the system. When GPS transfer via Argos is applied to birds,
solar charging often is used to prolong unit operation life. Many factors
can affect the regularity and extent of solar charging (e.g. hours of light,
cloud cover), and thus the performance of the unit.
A geographical limitation with Argos is that noise in the environment
in Europe and Mongolia-Pakistan disrupts data transfer on the Argos up-
link frequency [8]. To mitigate this, authorities are using international
agreements to protect satellite uplink frequencies and technological solu-
tions that include using high-power Argos transmitters or more exposed
or modiﬁed antenna designs to achieve higher radiated power for a func-
tional satellite link. Increased power will affect operation schedules and
lifetime, and modiﬁed antenna designs increase antenna exposure and
are subject to fatigue and breakage on the animal.
GSM/GPRS
Some GPS systems deployed on animals use GSM telephone data services
[8]. Two GSM technologies are used in animal-borne systems. GSM/SMS
services al-low the transfer and regular updating of GPS-based locations
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and some limited data (e.g. mortality events) as an SMS message to a
cell phone (six to eight positions per GSM per SMS message). Text mes-
sage lengths are short. Larger datasets (e.g. activity data) use General
Packet Radio System (GSM/GPRS) services when available. GSM ser-
vices are widely available in Europe and Asia. Unfortunately, there are
many vast areas throughout the world (e.g. much of North America, Aus-
tralia and sparsely populated Africa) without GSM services; thus, neither
GSM/SMS nor GSM/GPRS are an option. The most severe limitation is
that animals might not encounter receiving towers, and therefore data
collection can be intermittent or lost. Some systems now have ’failsafe
modes’ that allow older data to be data transferred when the animal re-
turns to coverage. GSM/GPRS data transfer systems continue to evolve,
but typical data rates are in the range of 21.4-171 kbps. The system can
also be used in a two-way manner, allowing the change of onboard collar
parameters.
One example of innovation here was done at SMRU (Sea Mammal Re-
search Unit) at St Andrews University [5]. A conventional GPS unit was
integrated with a GSM chipset for use on tags for Seals in the North Sea.
When the phone network was available, the GSM enabled tags automat-
ically used SMS messaging to send blocks of data back to the team once
every two days. Haul-out data and coastal location data were incorpo-
rated into the messages. Data was presented for a three-month period.
Although only a small fraction of the deployments successfully sent the
data back at the expected times it did show the technology was feasible.
[7] have reported a method combining the GPS and GSM technologies in
bear research in Finland. A GPS-GSM collar on a bear locates itself with
the help of a GPS module, while the GSM module sends the location infor-
mation to the researcher as SMS message. The collar is interactive and
can receive SMS commands, for instance, to adjust the interval at which
location in-formation is transmitted. There are a couple of major disad-
vantages of this approach in addition to the limited coverage zones when
considering it for wildlife tracking in general: 1) It is a heavy solution.
The SMRU tags, for example, weigh around 450 grams. 2) The power
requirements and cost of the devices are high.
LEO satellite telephone data services
Because there are many regions of the world without GSM coverage, com-
mercial businesses provide satellite-based telephone systems [8]. Two
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such systems, Iridium and Globalstar, include data services that are po-
tentially useful for data transfer from animal applications. Both services
are on LEO satellite systems and offer ad-vantages over Geosynchronous
(GEO) systems for delivering mobile satellite services (MSS). These ad-
vantages result from orbits that enhance the quality of services to low-
power mobile hand-held and vehicle-mounted equipment. GEO satellite
systems, at altitudes of 35 800 km, are best suited for high-speed data.
Unless the GEO satellite has high-gain directional antennas, it is unable
to receive from small handsets with omnidirectional antennas.
Commercial off-the-shelf hand-held satellite telephones are not suitable
for deployment on animals. Biotelemetry manufacturers must procure
certiﬁed modules from large-scale manufacturers and access to the sys-
tem must be contracted. It is often difﬁcult to integrate data transfer in
animal-borne applications, given the limitations in hardware and ﬁrm-
ware designs that are optimized for non-animal applications, especially
deploying and maintaining an antenna on an animal. The integration
process is not trivial.
Iridium Satellites
The Iridium constellation currently provides mobile two-way data links
for tracking and monitoring [8]. Iridium Satellite LLC is a privately
owned company providing worldwide, two-way, near-continuous coverage
for voice and data communications. A short burst data (SBD) service,
analogous to text messaging, is also available. Iridium’s current constel-
lation is 66 LEO, cross-linked satellites, plus replacement spares. The
satellites are in a near-polar orbit at an altitude of 780 km in six orbital
planes, evenly spaced around the Earth. Each plane has 11 satellites
equally spaced and a single satellite circles the Earth every 100 min, at
16832 miles h−1. A satellite is visible to a stationary ground terminal
for about 10 min, and, as it goes over the horizon, a call is transferred to
the next satellite. Each Iridium satellite is cross-linked to four others to
create a dynamic network in space.
Iridium is used in oceanographic applications in dial-up and in short-
burst mode. Iridium has small low-proﬁle antennas associated with the
1.5 GHz frequency communications link and the two-way link either via
a command in dial-up or simple handshaking mode in SBD. Current tech-
nology is suitable for larger terrestrial species such as caribou. There are
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at least two manufacturers6 offering data transfer and animal unit repro-
gramming capability via Iridium.
Globalstar Satellites
Globalstar is a phone system suitable for mobile applications, consisting
of more than 40 LEO satellites [8]. Handsets operate with hand-held,
vehicle-mounted telephone devices using omnidirectional antennas. Calls
and data links are passed from one satellite to another, enabling the Glob-
alstar system to provide service to locations including some with signal
blockage from buildings, terrain or other natural features. The greatest
limitation is that there are areas in the world without coverage. From
the satellite, data are transmitted to land-based receiving stations called
Gateways, where further data management occurs and information is pre-
pared for distribution to the user. The location of Gateways determines
where the Globalstar system provides geographical coverage.
The Simplex data and asset tracking services section of the Globalstar
system is used for wildlife telemetry [8]. Globalstar Simplex sends data at
a speed of 100 bps and allows limited messaging. Globalstar uses code di-
vision multiple access (CDMA) technology. User terminals share time and
frequency allocations and access to the network. Signals are separated at
the receiver by a correlator that accepts a signal from a single terminal,
while excluding other signals. Wildlife telemetry manufacturers program
the GPS-Globalstar units to transmit the same GPS-based location mes-
sage to the satellites up to four times to increase the probability that the
message has been received at the satellite.
GPS-Globalstar collars can transmit every GPS location acquired in real
time from the ﬁeld to the internet, or log and store location estimates for
later retrieval [8]. For example, a unit could be programmed to acquire a
GPS location eight times per day and to transmit one GPS location per day
or per week, thus conserving battery power and costing less for data deliv-
ery via the satellite system. The Globalstar Simplex services are designed
to work with the second-generation satellite constellation to provide users
with service into the next decade. Wildlife collars using a GPS-receiving
antenna and a Global-star patch-transmitting antenna have recently be-
come available and are being used on many projects, but no signiﬁcant
published results were available at the time of writing this report.
6www.vectronic-aerospace.com and www.lotek.com
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6 GPS Wildlife Tracking Case Studies
GPS wildlife tracking systems are now available for almost all mammals
and even for the bigger birds. One of the oldest manufacturers in the
ﬁeld is Lotek (www.lotek.com), which specializes in GPS collars for small
to large mammals. Other well known manufacturers include Telemetry
Solutions (http://telemetrysolutions.com), Vectronic-Aerospace (www.
vectronic-aerospace.com), BlueSky Telemetry (www.blueskytelemetry.
co.uk), Telonics (www.telonics.com), Sirtrack (www.sirtrack.com), Advan-
ced Telemetry Systems (www.atstrack.com), North Star (www.northstarst.
com) and Microwave Telemetry (www.microwavetelemetry.com), which ad-
vertises itself as the leading manufacturer of bird and ﬁsh tracking so-
lutions. Description of their products and devices may be found on the
companies’ web sites, and there are other competitors on the market as
well. This section describes two case studies, where commercial products
are being used in research projects for tracking of birds of prey.
6.1 Case 1: Finnish White-tailed sea-eagles in satellite tracking
The White-tailed sea-eagle working group within WWF Finland decided
in early 2009 to start a joint project with the Finnish Museum of Natu-
ral History (University of Helsinki, www.luomus.fi). The aim is to collect
detailed data of the movements of White-tailed sea-eagles as they move
around in the coastal areas of Finland through the year from the south-
western archipelago and the Åland Islands to the corners of the Gulf of
Bothnia and the Gulf of Finland. There are many ongoing plans to build
wind farms in different parts of the Finnish sea coasts and archipelagos.
Thus it is very important to collect exact data to point out areas that
should be left untouched, being important for the protection of White-
tailed eagles. The ﬁnal impulse for the long planned satellite project was
the threat of raising a vast wind farm in the Quarken area in the Vaasa
region, namely Raippaluoto/Replot Island. This archipelago is one of the
main breeding areas of the Sea-eagle in Finland. It is very clear that
from the very beginning of the planning of the wind farm all the risks
that may affect the local White-tailed sea-eagles should be eliminated be-
forehand. In spring 2009 WWF Finland sponsored the purchasing of four
transmitters (70 gram Argos/GPS Solar PTT) made by Microwave Teleme-
try. These trackers may work ’forever’ as they are equipped with solar cell
chargers. Most of the Finnish White-tailed sea-eagles stay within Fin-
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land over winter and thus during the darkest weeks solar cells may not
get enough sunlight for charging the batteries. That is why the transmit-
ters were equipped with an extra 16 gram battery. The ﬁnal weight of the
transmitters with its harness is about 100 grams.
During the ﬁrst study year the researchers wanted to collect data of the
transmitter functions in Finnish circumstances. The programming of the
transmitters differs somewhat due to season and individual transmitter.
During the bright season (May 16th - July 15th), tracking is recorded
either every second hour day and night or once every hour between 5 to
19 o’clock. In the autumn (July 16th - Nov 15th) and in spring (Feb 16th
- May 15th), tracking activity is limited to every hour between 7 to 18
o’clock. In winter (Nov 16th - Feb 15th), tracking records are collected
only ten times between 8 to 17 o’clock to save the batteries.
The transmitters save the tracking records and send the data via satel-
lite every fourth day as a data package to the main computer of Argos in
France. From that computer, the researchers may download the data to
their own computers. Currently, there are 5 tracked eagles, whose move-
ments may be publicly followed on maps on the museum’s web site, though
most tracking spots are not included because of protection and clarity rea-
sons. One of the tracked eagles is called Ivar. Between Jun 25th and
Nov 19th 2009, there were 1526 GPS-locations of Ivar. According to the
programming, there should have been 1813 locations, so the amount of
successful locations of that period was 84%. In Aug-Oct, the successful
locations varied from 89 to 94%, but in the beginning of Nov only 49%.
After the 19th of Nov, the amount of day light was not enough to charge
the battery to required level for GPS-locations. During the end of Nov and
beginning of Dec, Ivan’s movements could only be followed with a varying
accuracy by Doppler-signals. They were received every 3rd day along with
information packages.
There has been a similar seasonal variation in the amount of success-
ful locations of other tracked eagles. Another tracked eagle, Tuuli, for
example, stayed in the Björköby-Raippaluoto area until Boxing Day. Un-
til then altogether 1716 GPS-locations were received. According to the
programming, there should have been 2120 locations. Thus there were
81% successful locations. The amount of sunlight to recharge the battery
diminished clearly. In Aug-Sep, the amount of successful locations was
95-96% and in Oct 89%, but in Nov-Dec only 55-57%. Also, other interna-
tional studies have illustrated that Global Positioning System error may
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vary across seasons for a reason or another.
6.2 Case 2: Satellite Honey Buzzard "Lasse"
A breeding Honey Buzzard male was equipped with a satellite transmitter
in Kokemäki (western Finland) the 9th of August, 2010. He was named
"Lasse". Lasse is the ﬁrst satellite-tracked Honey Buzzard in Finland.
The aim of this project is to follow autumn migration, ﬁnd out the winter-
ing area and, if the duration of battery will allow it, to follow the spring
migration back to Finland. The few Finnish ring recoveries suggest that
the Finnish Honey Buzzards spend their winter in tropical Africa. The
size of the Finnish Honey Buzzard population is 3000-4000 pairs. The
species has decreased considerably during the last few years. In Finland,
the biggest threat for the Honey Buzzard is intense forestry which de-
stroys breeding sites and increases competition for them with other bird
of prey species. During the migration Honey Buzzards are still illegally
killed by hunters, especially in the Mediterranean region.
Figure 6. a) Autumn migration 2010 of Honey Buzzard "Lasse" [Source www.luomus.fi].
b) Spring migration 18.-28.4.2011.
Lasse’s transmitter is a traditional Argos battery-powered model (made
by NorthStar). The weight of the unit is 20 g. The duty cycle of the trans-
mitter is programmed so that it is 8 hours ON and then 108 hours OFF,
which means that locations are obtained on average at 4,5-day intervals.
The expected duration of the battery is approximately 550 hours (i.e., 9-10
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months). The ﬁgure 6a shows Lasse’s autumn migration from Finland to
Gabon in 2010. At the time of writing this report (28.4.2011), Lasse is in
Algeria on his way back to Finland (ﬁg. 6b). Sadly, the researchers are
expecting the battery of the transmitter to run out soon, before Lasse will
reach Finland.
For clarity, only accurate locations have been shown in Finland, but in
abroad all locations are shown. By clicking the dots in the map it is possi-
ble to see additional information on location data (date, GMT-time, coor-
dinates, accuracy of location).
7 Conclusions and Discussion
GPS positioning and data collection for animal research developed as
commercial GPS and other diverse technologies matured. The success
of animal-borne systems depended on experience with earlier tracking
technologies (e.g. conventional VHF and Argos). Similarly, future ad-
vances will draw on the technology described in this report and on the
new developments. Changes in GPS technology are ongoing and accom-
panied by changes in the GPS OEM manufacturing community. New
global navigation satellite systems (GNSS) including GLONASS, Galileo
and Compass are emerging, with the potential to be used for animal po-
sitioning. Telemetry designers and manufacturers must select the appro-
priate technologies available from commercial and military sources, and
integrate them into specialized instruments with rigorous performance
requirements speciﬁc to an ever-increasing number of species, environ-
ments and researchers’ objectives. Researchers must evaluate these of-
ferings from a cost-beneﬁt perspective. Widely varying study designs
re-quire speciﬁc attributes from sensors and the GPS and data transfer
systems. Surveying the speciﬁcations allows the user to choose the most
efﬁcient system in terms of operational life, unit size and cost per data
point.
Animal research continues to beneﬁt from the large commercial mar-
ket driving GPS development. There are signiﬁcant advances in receiver
technology with trends for GPS receivers getting smaller, operating at
lower voltages, consuming less power and exhibiting reduced TTFFs. Ad-
vances like these will contribute to methods to study smaller terrestrial,
marine and avian species. At a time when over a million species are un-
der threat from climate change, unless we can work out where they go
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and how they get there, there is no hope of assessing the full impact of
human activity on the billions of animals that move thousands of miles
every year. Being able to track all size of small animals over large spatial
scales is also vital for assessing the impact of animal movement on such
commercially important issues as agriculture and disease transmission.
Vast amounts of scientiﬁc literature and articles have been published
on GPS wildlife tracking during the last few years. Research has focused
on many technical and algorithmic issues, such as the weak signal acqui-
sition under dense canopies and ﬁlling the gaps between GPS ﬁxes with
various methods and algorithms. Another branch of research deals with
application of these technologies in real-life studies - requirements, best
practices and study design regarding the required data granularity, sam-
pling rate, etc. Plenty of tracking case studies have been published in
the ﬁeld of biological and ecological sciences. The enormous quantities
of data generated by the tracking systems clearly present a challenge to
data management and analytical procedures, which again provide inter-
disciplinary research topics for GIS analysis and other related ﬁelds.
New opportunities are huge and shining, but there have been critical
and warning tones as well reminding that everything is not yet perfect.
Field work and real-life observation of wildlife is still required in order to
interpret the data: researchers must not become estranged from the ﬁeld
study in the thrill of the new technical opportunities. GPS units are still
expensive. It has been stressed that the high cost of GPS units should
not lead to underestimated sample sizes due to the trade-off between the
number and cost of GPS units. Managers and researchers need to be
aware that if they use these new devices, they are basically also perform-
ing a ﬁeld test of equipment. Standardized tests almost certainly overes-
timate performance compared with performance of units on free-ranging
animals, when additional variation can be expected. Researchers should
plan the number of animals to be marked based on an expectation of some
loss of data caused by the death of animals and equipment failure. Conse-
quently, success cannot be taken for granted and the logistic burden and
ﬁnal costs are subject to a certain degree of uncertainty. Although it is ar-
guable that researchers could take this into account by marking a greater
number of animals, tight research budgets, the high conservation value of
especially individuals of a threatened species, and animal welfare issues
do not easily allow for increased sample sizes beyond the absolute mini-
mum. In addition, many conservation projects receive staggered funding -
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they have to start small and if successful may receive further funds. Fur-
thermore, in a management context information on a speciﬁc individual is
often requested (e.g. a nuisance animal or a re-introduced animal). Due to
the small sample sizes and the focus on single individuals, collar failures
in such projects are a particularly hard blow.
To sum up, newly emerging wildlife tracking devices claim to be promis-
ing tools for the advancement of wildlife research and management. GPS
can provide accurate, regular and frequent estimates of locations for move-
ment ecology research into many species of animals. For the promise
of new GPS, emerging GNSS and associated technologies to be fulﬁlled,
engineers and biologists will need to work in partnership, share needs,
under-stand limitations and be aware of emerging opportunities.
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